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Flux-Canceling Electrodynamic Maglev
Suspension: Part Il Test Results and Scaling Laws

Marc T. ThompsonMember, IEEE and Richard D. Thorntortife Fellow, IEEE

Abstract—Electrodynamic suspensions (EDS) are highly un- may help overcome one of the fundamental limitations of
damped and require some form of active control or a secondary electrodynamic (EDS) magnetic levitation (maglev)—the fact

suspension to achieve adequate ride quality. This paper reports 4+ there is zero levitation force at zero train velocity and a
on efforts to develop a version of EDS that uses controllable mag- L
low speed suspension is needed.

netic forces to eliminate the need for any secondary suspension.
The magnetic forces act directly on the guideway and avoid the
need to have unsprung weight and a secondary suspension. It
is shown that the energy required to effect this control can be Il. BASIC MAGLEV MEASUREMENTS

less than 1% of the energy stored in the suspension magnets,

so a modest size controller can be used. The same controller

can also provide lift at very low speeds and thereby eliminate A. Maglev Test Program

the need for a separate low-speed suspension system. A set of npetqils of the test fixture including speed control of the

scaling laws is described which is used to size a full-scale high-t t wheel d fi f the dat isiti ¢
temperature superconductor (HTSC)-based suspension magnet. est wheel and operation o € dala acquisiion system

The test fixture was also used to verify the use of “zero velocity” are discussed in [1]-[4] and a companion paper in these
lift, where ac excitation is used in the suspension coils to achieve TRANSACTIONS The goals of the test program were as follows.
lift at low train velocity.  Measure forces and moments for the magnets in different
Index Terms—Control systems, high-temperature supercon- equilibrium positions and for different linear velocities
ductors, inductance, levitation, magnetic analysis, magnetic using a multi-axis force sensor. Use the resultant data to
forces, magnetic levitation, maglev, modeling, superconducting ;
h i verify models.
coils, superconducting magnets. N . o .
« Test the viability of using ac excitation of the magnet coils
to achieve significant lift force at zero train velocity.
|. INTRODUCTION « Test the viability of actively controlled high temperature

HE design and analysis of a new iron-core “flux- supe_rconducting_ magnets in a ma_gnetic seco_nqlary sus-
canceling” magnetic suspension suitable for high- Pension by testing the magnet with a low-friction air

temperature superconductors (HTSC) is described. A 1/5-scale P€aring which allows vertical motion of the suspension
model of this suspension has been designed and tested with Magnet.

a high-speed rotating wheel test facility. A new low-cost

multiple-loop guideway has been tested and lift, drag, a8l Basic Measurements Using Force Sensor

guidance forces have been measured at operating speedfsne result of several test wheel runs is shown in Fig. 1

approaching that of a full-scale train. These results ajgq e the test wheel speed was varied from 0-600 RPM (linear
compared to predictions based on simple circuit models, W@Beed, 0-50 m/s). In Fig. 1(a), the magnet was set below the
good res_ults. ) null position, and a positive lift force is measured. In Fig. 1(b),
A vertical control system has been designed and testgl 1\, net was set1.25 cm above the null position and a
to improve ride quality through differential control of the,qative Jift force is measured. The drag force shows a peak at
magnet currents. The test fixture has also been used to vali groximately 20-25 m/s. Also of note is the guidance force
the concept of lift generation at zero train velocity by agpich is a significant fraction of the lift force. In Fig. 1(c), the

excitation of the main magnet coils. Scaling laws have beﬂ‘?agnet was set near the null position, and the lift and drag
applied to the results and predictions made for a fu”'scailﬁrces are minimized accordingly

HTSC suspension operating at 40K. Further work in this areatnq important results from this test are that the drag

. , , peak velocity is approximately 20-25 m per second, which
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Fig. 1. Lift, drag, and guidance force measuremefits= 5 A per coil, NI = 2750 A turns per coil, all eight coils energized. (a) Magnet below null
position atz = —0.4 cm. (b) Magnet above null position at = 1.45 cm.

The result of calculation based on the electrodynamic modircuit model predicts a drag peak velocity of approximately
els described previously is shown in Fig. 2 and compared 16 m/s, while the measured drag peak is approximately 20-25
measured data taken with the test wheel in the range 0-6@6s. The accuracy of the drag force can be further improved
RPM (0-50 m/s). There is good agreement for the 15-cdil accounting for parasitic eddy currents in the guideway rim,
model for the lift forcef. and the drag forcg,. The simple effects that are not considered by the circuit model.
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Fig. 1. (Continued).Lift, drag, and guidance force measuremedts= 5 A per coil, NI = 2750 A turns per coil, all eight coils energized. (c) Magnet
slightly above null position at: = 0.27 cm.

Referring to Fig. 2, the excitation vector (top left) is approxducting sheet and found vertical and transitional instabilities
imately a half sinusoid, corresponding to the applied magnetit the absence of air drag.
field integrated over the area of the guideway loops. The shap&his problem of negative magnetic damping was studied by
of this excitation vector insures that only the first and secorntmada, Iwamotcet al, [9], [10] who built an experimental
natural modes will be excited. Measurements on drag forility in 1973. A ferrite magnet was suspended and allowed
(bottom right) bear this out, as the measured drag peak veloaiy vibrate near a rotating aluminum drum. The damping
was approximately 25 m/s and the electrodynamic modgbhavior of the system was observed at various operating
predicts ~40 m/s. Higher-order modes are at significantlypeeds, and it was found that negative damping exists for
higher natural frequencies. _ ~linear velocities above a critical velocity. For a full-scale train
_ Thelift force model shows good agreement with experimefyeling over a sheet guideway, these results extrapolated to
in the 0-50 m/s range, although there is divergence at h'gbférgative damping for train speeds higher the0 km/h.
velocities. This may be due to the effects of higher-order lwasa [11] and later Iwamotcet al. [10] applied the

modes at higher frequencies, but further study is Wa”ameqmpedance-modeling method to predict lift and drag forces

and to study the static and dynamic stability of various
vehicle-guideway configurations. lwamoto predicts a negative
[ll. THE PROBLEM OF RIDE QUALITY CONTROL damping coefficient for train speeds oveb0 m/s traveling

The problem of stability has long been recognized &Y€@ trace V\(ith discret-e loops. Iwgmoto rgcommends using
one of the fundamental design challenges for the succesd¥@Sive damping to achieve good ride quality.
commercialization of electrodynamic maglev. The stability of The conclusion of many of these early studies was that
maglev vehicles is of considerable interest due to its effects 8aMe form of damping is needed for acceptable ride quality,
passenger safety and structural requirements. Many theoretR¥gn in the presence of aerodynamic drag. Passive damping
and several experimental studies have been done to illustrd@ices were considered, but the use of conducting plates or
this problem. tuned coils between the lift magnets and the sheet guideway

Woods et al. [5] considered the stability of a levitateddid not provide sufficient damping for the expected guideway
superconducting current ring and evaluated passive dampfiegghness. It was concluded that some sort of secondary
techniques as well as active stabilization. Davis and Wilkiguspension or active control is needed.

[6], Fink and Hobrecht [7], and Reitz and Davis [8] studied the The MIT team of Kolm, Thornton, Brown and Ilwasa
problem of infinitely-long wires traveling over an infinite con{12] studied the stability of the EDS magneplane system
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Fig. 2. Predictions of electrodynamic model with magret.25 cm above null position. Upper left, coil excitation vecfar}; upper right, induced
loop currents{I} at 100 and 200 Hz. Lower left, comparison of measured to calculated lift force versus velocity; lower right, comparison of measured
and calculated drag force versus velocity.

with a 1/25th-scale model and found the suspension to tmeactively control the magnet position to achieve good ride
underdamped and prone to catastrophic accelerations. @ueality with reasonable levels of power and energy from the
important development for vertical control was the use of thmntrol source.
linear synchronous motor for heave damping. It should be noted that many of the reported instabilities
Later stability studies have focused on dynamic instare related to the propulsion means. If a constant propulsive
bilities and the effects of mode coupling. Chu and Mooforce is used, instability can arise because the magnetic drag
[13], demonstrated instabilities in a two degrees-of-freedodecreases with increasing speed. In many cases the use of a
(D.O.F.) electrodynamic maglev model, showing limit cycleonstant speed propulsion, or the use of feedback control for
oscillations at operating speeds near the maglev drag peak. Ehe linear motor, would eliminate the instability.
to the small scale of their model, aerodynamics significant!
affected their results. In other experiments, Moon [14] repo
results from a rotating wheel test facility for study of lateral, A controllable magnetic primary suspension has a big
heave, roll, yaw, and pitch motions. A yaw-roll instability wasidvantage over an uncontrolled primary suspension combined
observed. with an active mechanical secondary suspension: the magnetic
The most detailed study of instabilities to date in EDS mderce acts directly on the guideway and does not require that
glev has been performed by the maglev group at the Argontiere be any “unsprung” weight. EMS systems have the same
National Laboratory [15], [16]. Suspension instabilities of ED@dvantage, but the air gap is so small that an active primary
systems with three and give degrees of freedom (D.O.Byspension has not been deemed sufficient to give adequate
have been evaluated by computer simulation. Their resulide quality at high speeds. In 1972 an MIT research project
show that coupling effects among the five D.O.F. play atemonstrated the ability of a linear synchronous motor (LSM)
important role and that there are several potential instabilitigs.produce controllable vertical forces on a maglev vehicle, and
The instabilities depend on the equilibrium air gap, which ithis allowed the damping of heave motion [17]. By mounting
turn is determined by the vehicle mass, passenger load, dinel LSM in different configurations it is possible to counteract
guideway design. sway as well as heave, but since the force acts uniformly over
An active secondary suspension using high-temperatuhe whole vehicle it is not possible to control pitch or yaw.
superconductors has been built and analyzed by the MIT groliperefore, additional magnetic forces are needed to augment
of Thornton and Thompson with help from Kondoleon anthe LSM forces.
Draper Laboratory [1]-[4]. With scaling law studies and tests In principal one could directly control the current in the
on a rotating test wheel facility, it was shown that it is possibleehicles suspension magnets, but this is impractical because

Active Magnetic Suspension
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of the large energy storage associated with these magnetsThe heavier lines show the ends of two wave windings and
This is particularly true of the most common design whicthe lighter lines show a guideway ladder. The two structures
uses a single array of low temperature superconducting cal® laterally displaced by a distance that is much less than
without any ferromagnetic material in the flux path. Sucthe height of the ladder. The actual vehicle magnets consist
designs have large external fields with a very large magnetitwindings on the poles of a ferromagnetic structure and the
energy storage, and this energy must be changed relatively fasideway uses more vertical members and a more elaborate
to provide good ride quality. Moreover, the low temperaturarrangement in order to minimize unwanted eddy currents,
superconducting wire can not tolerate large ac componentsbof this simple model is adequate for the analysis of an active
current and magnetic field without quenching. suspension system. The analysis assumes the vehicle is moving
The design reported here incorporates three features, et respect to the guideway, so there is the potential for the
of which contributes to making it feasible to construct &ehicle to induce ac currents in the guideway and thereby
controllable magnetic suspension. produce vertical lift forces on the vehicle.
« The vehicle magnets use high temperature superconductThe lower and upper magnet currents are labeleend
ing wire that is able to tolerate substantial ac currefit- Assuming these two currents are constant and equal, if
without excessive power loss. the vehicle coils are vertically centered with respect to the
e The vehicle magnets use an iron core which greatg},lideway ladder, then there is no induced current in the ladder
reduces the amount of energy stored in the field. and no force on the vehicle. If the vehicle is displaced either

« The suspension uses the flux canceling design for whichlg or down, then there is an induced current that creates a

small differential magnetic field can produce a significarigestoring force; i.e., the suspension behaves like a magnetic
force. spring. Note that even though there is considerable power loss

Taken together, these features make it possible to havdldhe guideway ladder, the suspension is undamped except
reasonable amount of power control the ride quality for for minor losses due to aerodynamic effects and eddy currents

suspension that can tolerate several centimeters of verti t are not representeq i,n this simplified m_odel.
motion. The key to the analysis is to note the functional dependence

of vertical force on currents. Although the currents in the rung
and side elements in the ladder have a complex behavior,

B. Simplified Control Model of “Flux-Canceling” Suspensiorive can imagine a composite RMS current, callgd that
Pri o . . characterizes the behavior. In order to simplify the analysis

rior publications and a companion paper in thesg . . . )
. . - efine sum and difference values of the vehicle coil currents.
TRANSACTIONS [1]-[4], [18] provide a detailed description of o . .

The sumi, is the suspension current that is used to control

the qux-c;ancellng suspension sy_stem, bgt fqr this paper V¥ﬁe equilibrium position and the differendg is the control
use the simpler model shown in Fig. 3. This figure represents

the vehicle magnets by two wave windings and the guidewglyrrent that is used to control ride quality
by a simple ladder. Each vehicle has two identical suspension 1s =147 + 1y
systems, one on each side of the vehicle. The guideway can be b =] — iy (1)
a channel, with the guideway ladder mounted on the inside ver-
tical walls of the channel, or the guideway can be a monorail, If the vehicle is going fast enough to be on the high speed
with the guideway ladder mounted on the outside of the mon®ide of the drag peak, then we can express the effective
rail. The suspension forces are shear forces between the gu@iédeway current as
way and vehicle and any lateral forces are balanced by lateral P B

. . Lg — 1(%2/ + Lche) (2)
forces on a separate suspension system on the other side of the
vehicle. For this paper we only consider the suspension foragkere k; is a proportionality constant that depends on many
for a single system. The same ideas can be applied to contietails of the designy is the vertical displacement of the
guidance forces, but guidance is not discussed in this paperehicle from equilibrium, and:. is an effective height that

i —»

Fig. 3. Simplified flux canceling suspension.



THOMPSON AND THORNTON: FLUX-CANCELING ELECTRODYNAMIC MAGLEV SUSPENSION: PART II 1969

\Y

i Iua ¥ g Vib
C+P i/a + +iub

Fig. 4. Bridge connection of vehicle windings.

determines the induced voltage; in a typical dedigrs about
0.4h, whereh is the height of the guideway as shown in Fig. 3.
Giveni, we can express the vertical lift forcg, as

Fy = kaigis 3)

where k, is another proportionality constant that depends on
the design details.

Define yo as the displacement at equilibrium when the @)
vertical force equals the weight of the vehicteg. Then,

38 nav = i k-
combining (1)—(3) we have L
F, =mg<1 n —h) @ i
150 B
We interpret (4) as follows. If we wish to exert a control -
force, say a controllable force up to 0.2 g, then we need to - h""ﬂ!\ s
make the second term in parenthesis in (4) have a value of | 4 ML@ I "\\'
up to 0.2. For a typical full scale desigh. = 0.2 m and  gyeq j-J AL N v Al
yo = 0.1 m, the control current needs to be only about 10%—" e e e T s oo s
as large as the suspension current. This 0.2 g of control forgas l;;a;; k2, aeB1Y, 2pms |2G0, APE ARGt AR 2 WAIR (S
is in addition to any force produced by the LSM, which can— O
also be on the order of 0.2 g, either up or down, Since th&&J %E R G
vehicle is suspended by a long array of magnets, each can) e R e % jg;i ggi o £, ;gj 5 m'_:"'
have its own control system, exactly as with EMS designsl see=en ] ERTTET) Bl L. :‘: ,
Then it is possible to provide controllable pitch forces, and
if the same ideas are applied to guidance it is possible to ()
produce controllable yaw forces. Fig. 5. Differential lift measurement. (a) Magnet wiring for differential lift

I order to contro the rde quality we Separate each of HESIETEn. (t) net cen i sque v of cotl curent: Lt
wave windings in Fig. 3 into two equal parts and connect thegjuare wave at 0.5 Hz.
in the bridge configuration shown in Fig. 4.

The suspension currefit excites the bridge so as to control
the_sum of t_he magnet currents and _the control curv,@ntcl Active Secondary Magnetic Suspension Test Results
excites the bridge so as to control the difference of the magnet
currents. In this way we have a simple way to provide only In order to test the concept of varying the lift force by
the differential current required for ride quality control. using differential current control, a control current source

An important point to note is that there are mutual indugvas connected as in Fig. 5(a). The test wheel was run at
tances between the various coils in Fig. 4, and the inductari#e0 RPM. Each of the coils was energized with six amps
seen by the suspension current source is typically about twide by the main power supply;,.. A 12-amp peak-to-peak
as large as the inductance seen by the control current. Thiglare wave driven by the control current soufgeand the
reduction in control circuit inductance reduces still further theesultant measured lift force is shown Fig. 5(b). The magnet
power and energy needs to effect ride quality control. In shovias set above the null position, and hence the average lift
it takes less than 1% as much energy to effect a 0.2 g contieice is negative. This test verifies that it is possible to control
force as it does to provide the equilibrium suspension forcéne vertical force by controlling the magnet nodes shown in
For a typical design the power and energy required for gotite figure. The advantage of driving at these points is that
ride quality can be less that the power and energy requiredthe effective inductance at the coil terminals is decreased by
control the magnets in an EMS system. mutual coupling between magnet coils.
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Fig. 7. Performance of active secondary magnetic suspension. (a) Control
system not operating. Initial deflectienl cm; magnet bounces at EDS natural

(b) frequency 1.15 Hz. (b) Active damping enabled, using PID controller, damping

. . . ) ) ) . ratio ~40%. (Note change in time scale.)
Fig. 6. \Vertical vibration test; system driven with sinusoidal current at

differential drive terminals. (a) Magnet driven well below resonance. Top

trace: magnet current, 5 amps/div. Bottom trace: magnet vertical deflectippjy. 7(a)]. The oscillation frequency is at 1.15 Hz with a
1 cm/div. (b) Magnet driven near resonant frequerfcy= 1.15 Hz. Top trig. 7(a)]. q y )

trace: magnet current, 5 amps/div. Bottom trace: magnet vertical deflecti@mMping ratio of approximately 1%, corresponding to the
1 cm/div. expected underdamped EDS response.

A similar experiment was run, but with the control sys-

In a follow-up experiment, the magnet was mounted ttgm operating with a simple proportional-integral-derivative

a one-DOF air bearing which allowed low-friction verticalcOntrOIIer [Fig. 7(b)). The resultant magnet vertical position

vibration of the magnet while the suspension was energizg:t?ponse is much more dampefi~+40%) showing that the

with dc current. The magnet was allowed to bounce freely g&mtrol system is operating correctly. Further improvement

its vertical natural frequency. The dc current for these tests be made n the transient response b)_/ adjusting the Io_op
setto 5 A, the test wheel was set to 350 RPM (30 m/s IoeripWrameters. This test shows that it is possible to use an active
' ?ondary magnetic suspension for ride quality control with

eral speed), and an underdamped vertical natural frequencf%
1.15 Hz was measured. In Fig. 6(a), the differential contrHT'S geometry.
terminals are driven with a 12 A peak-to-peak (p-p), 0.2 Hz
sinusoidal current signal. The bottom trace shows little motion,
as the magnet is driven well below the resonant frequency. InFurther tests were run to determine if significant lift is
Fig. 6(b), the magnet is driven with a sinusoidal current giossible at zero train velocity by exciting the levitation coils
1.1 Hz, near the measured resonant frequency. As expecteith ac currents. Generating lift at zero velocity is desirable, as
there is significant vertical deflection of the magnet as thbis can remove the need for a low speed suspension. The fact
suspension is driven near resonance. that high temperature superconductors are robust with regard
With the air bearing energized and the control systetn ac losses is a further motivation, as such control is difficult
deactivated, the vertical magnet position was perturbed agsing low temperature superconductors due to quenching.
proximately +1 cm from the equilibrium position and the For this series of tests, the coils were wired as in Fig. 8(a).
resultant transient decay of magnet position was observEde coils were wired so that for the first half cycle of the

i....i.L i i LTSI SR U PITIE WIS AP |

IV. ZERO-VELOCITY LIFT



THOMPSON AND THORNTON: FLUX-CANCELING ELECTRODYNAMIC MAGLEV SUSPENSION: PART II 1971

(@
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Fig. 8. “Zero velocity” lift measurements at 10, 20, 50, and 100 Hz. (a) Magnet wiring and (b) test results.

sinewave current excitation, the top two coils are in a Nortlpproximate equivalent frequency of the maglev drag peak,
North arrangement, and the bottom two coils are energizadd higher frequencies will not result in significantly higher
South-South. For this configuration, if the guideway is offs¢ift. The data shows that lift comparable to that achieved by
from the null position, there is a net changing flux through thelectromagnetic induction by motion can be achieved, however
guideway loops and hence a restoring force. at the cost of high power delivery from the magnet current
Results of ac lift measurements are shown in Fig. 8(Rpurce. In a full-scale suspension, “zero velocity lift” would
for various equilibrium displacements from the null positiome energized for a few seconds as the train leaves the station.

and for excitation frequencies of 10, 20, 50, and 100 Hz. After EDS lift off, the ac current would be deactivated.
maximum frequency of 100 Hz was chodems this is the
V. DEVELOPMENT OF EDS MAGLEV SCALING LAWS

LIf the operating frequency is known and does not change a series capacito;rh | of thi ti is t dict f f a full
can be added to resonate with the inductive load to reduce the large reactiv e goalo IS Section Is 10 predict pertormance or a tull-

voltage required to drive the magnet coil. scale maglev system based on scaling laws, simple guideway
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TABLE |
SCALING Law SuMMARY FOR EDS MAGLEV SCALED BY FACTOR ¢ PRIMED COORDINATES ARE FOR THE SCALED-UP SYSTEM

Parameter Constitutive Relation Scaling law
Guideway loop self-inductance, L L oc ¢(PF L=
Guideway loop self-resistance, R R 1/ot R =Rt
Guideway dominant time constant, 7 =L/R xi/i2 r'=vi
Effective frequency at guideway, @ w'=at
Drag peak velocity Vpk' = vpk/ ¢
N, tums < é N =éN
Average field normal to guideway, B, o NI/ ¢ ot By,'=¢B,
Induced guideway loop voltage, V; xjoBL < é Vi'=éVv;
Max. induced loop current, ; x VijoL «f I =€l
Lift force at cruising speed, f; aBylit ot o Boljt
Drag force at high speed, £, «l?R «¢ < IR ¢
Lift/drag ratio at drag peak speed = folfy ol

coil geometries, and test results from the 1/5 scale-moded

magnet. Results may be extrapolated from calculations on sim- Vi = jwB, A x 1 @)

ple resistance-inductance circuits, as the previously mentioned

measurements have proven this approximate technique tovxhﬁereBo is the average magnetic field, andis the area of

valid. It is assumed that in scaling up the system, every line@ guideway loop. In the high-speed limit, the induced current
dimension in the guideway and magnet is scaled by the fac{@rimited by the inductance of the coil, as

£. This analysis does not consider second-order effects, such
as increased eddy current losses. I ~ L o £2. (8)
As shown previously, the inductance of a disk inductor has Jwl

the form The lift force is due to the product of the induced current, the
applied magnetic field, and the length scale, or

L x aPF (5)
f. o< I; Byt o £*. (9)

where ¢ is the mean coil radius. If all dimensions of thel_ . . .
. . he maximum lift force scales a&, which could also be
inductor are scaled by the factérthe inductance also scales

by the same factor a® and F remain constant. The Self_!nferred from evaluating the magnetic pressure acting on the
: L iron polefaces (whereB, scales ag and area scales &3).
resistance of the loop is given by

The drag force scales d$ R or as¢® and hence the lift/drag
2ra ratio at the drag peak speed scalesfa®©ther parameters
R~ (6) such as scaling of lift/drag and lift-to-weight ratio may also

be inferred from the test results. A summary of the scaling

and this resistance scalesla€. The resultant time constant oflaws is shown in Table I.
the loop (given byL./ R) scales ag* and shows that large-scale Using these scaling laws, performance of a full-scale magnet
inductors are more efficient than small ones. This is equivaldrdased on copper coils and on HTSC coils operating at 40 K
to stating that the low frequenog (i.e., the non skin depth has been predicted (Table Il). The extrapolation from our 1/5-
limited) is higher for large inductors. Given this scaling, thecale test results to 1.0 scale copper and for copper operating
EDS drag peak velocity is expected to scalelds (as the at 77 Kis straightforward if limitations imposed by air cooling
effective guideway frequency scales adl/¢), although the of the copper magnets are not considered. It is unlikely that
effects of parasitic eddy currents will modify this somewhatthe number of ampere turns shown for the full-scale copper

The number of coil turngN) scales with the winding area, magnet would be achieved in practice due to heat transfer.
or as/?. The average guideway field scalesfague to the/?  Also, it is unlikely that the high lift-to-drag ratios at 100 m/s
factor increase in turns, and tieéncrease in pole pitch. The would be achieved in practice due to high eddy current losses
induced voltagd/; around a guideway loop may be expresseinade worse by the larger geometry).

obe
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TABLE I
ScALING LAwW SUMMARY APPLIED TO TEST DATA. CoMPARISON BETWEEN 1/5 SCALE SUSPENSIONTEST RESULTS, 1.0-SALE COPPERMAGNET
OPERATING AT RooM TEMPERATURE, 1.0 SALE CoPPER AT77 K, AND HTSC AT 40 K. (CooLING WEIGHT NOT INCLUDED)

Parameter 1/5-scale 1.0 scale 1.0 scale HTSC
model copper copper, 77K @ 40K
Guideway loop self-inductance, L 280 nH 1.4 uH 1.4 uH 1.4 pH
Guideway loop self-resistance, R 0.0007 Q 0.00014 Q 0.00014 0.00014 @
Loop time constant, 7 0.4 msec 10 msec 10 msec 10 msec
Levitation coil turns, N 550 turns 13750 13750 1500
Levitating coil operating current, / 5 Amps 5 144 13 61
Levitation power dissipation 680 Watts 85 kW 85 kW 0
NI, each coil 2750 A-turn 68750 198,450 198,450
Current density in winding, AJ 275 Alem? 275 800 7500
Average field normal to guideway, B, 0.067 Tesla 0.335 0.96 0.96
Lift force at v = 100 m/s, /> 70 Newtons 43.8 kN 365 kN 365 kN
Drag force at drag peak, f;, 20 Newtons 2.5kN 20.8 kN 20.8 kN
Drag peak velocity vpg 25 m/sec S m/sec. 5 m/sec. S m/sec.
Drag force at v = 100 m/sec 94N 249N 2.1 kN 2.1kN
Lift/drag ratio at v =100 m/s 7.4 175 175 175
Magnet core weight 29 kg 3625 3625 3625
Coil weight 8kg 1000 1000 106
Total magnet weight2 37ke 4625 4625 3731
Magnetic drag power @ 100 m/sec 0.94 kW 249 kW 208 kW 208 kW
Guideway power, kW/ton of lift 120 kW/ton 5.07 5.07 5.07
Lift/weight ratio 0.19 0.97 8.0 10.0

It is assumed that the copper coils operating at 77 K have tfaproximately by a factor of 2—6 from published data). For
same power dissipation as 1.0-scale copper coils operatingha same number of ampere turns, less material will be needed
room temperature. Therefore, a higher coil current is possilite the HTSC design, resulting in a lighter coil. Current HTSC
at 77 K since the conductivity of copper at liquid nitrogenapes are available with critical currefit = 40 A at 77 K
temperature is only 13% of the room temperature value. Thisrresponding to a critical current density significantly higher
assumes that there is sufficient copper area exposed to tin that supported by copper at 77 K. A valuelof 100
boiling liquid nitrogen. An upper limitatioh for allowable A or higher seems reasonable for an HTSC coil design at 40
power dissipation in the copper coil is the peak nucleate given current technology [20]. Further improvement may
boiling heat transfer flux, which for liquid nitrogendsx ~15 be made by adjusting the dimensions of the core, as the full
watts/cnt [19, p. 113]. winding area will not be needed.

The performance of a silver-sheathed HTSC magnet op-The performance of the predicted 1.0-scale HTSC magnet
erating at 40 K is extrapolated from the copper coil resulig 40 K is comparable to that of the Japanese MLUO002
and from available data taken from tests on HTSC coils afgst vehicle, which operates with an magnetomotive force
samples of HTSC tape. The achievable current density df 700 kA turns while generating a levitating force of 196
HTSC at 40 K is much higher than that in HTSC at 77 KjoNewtons [21, p. 7]. The advantage to the iron-core HTSC

2Assuming that the winding has sufficient ventilation space for the quuiqes'gr_] 'S_ that less Ampere tur_ns and Iesg §ppercondgctlng
nitrogen to vent. material is needed, and there is the possibility of actively
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TABLE 1l
ScALING Laws AppLIED TO AC LIFT MEASUREMENTS (CRYOSTAT WEIGHT NOT INCLUDED)

1/5-scale copper, 1.0 scale HTSC @ 40K, 1.0 scale HTSC @ 40K,
I=124, 100 Hz I=80A p-p, 100 Hz I=240A p-p, 100 Hz
Ampere turns, p-p 6,600 165,000 495,000
Lift force 17N 10625 N 95,625 N
Lift/weight ratio 0.05 0.28 2.5

controlling the magnet currents to achieve acceptable ridéless weight and the possibility of using ac lift for low-speed
quality. suspension.
For “zero-velocity lift” scaling laws can be used to show that

a full-scale magnet with eight coils each witfi/ = 165 000
(corresponding tQV = 2062 turns and! = 80 A p-p) will

generate approximately 1 ton of lift with a lift-to-weight ratio The authors gratefully acknowledge the support of the
of 0.28 at 100 Hz (Table Il). WithVI = 495000 A turns p-p, Laboratory for Electromagnetic and Electronic Systems and
a magnet lift-to-weight ratio of~2.5 will be achieved for a the Center for Transportation Studies at the Massachusetts
full-scale magnet based on an HTSC coil. The primary losststitute of Technology, the U.S. Department of Transportation
will be switching losses in the driving electronics and ac losségder the Federal Railway Administration, and the Charles
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ration will be less due to the weight of the cooling system,
and further study is required to determine the extent of power

losses in the HTSC coil due to switching. "

VI. CONCLUSIONS 2]

Results from these series of maglev tests show that there
is good agreement between predictions based on simple cl@
cuit models with measurements taken on the test fixture for
lift force, drag force, and magnetic drag peak. The models
could be improved by doing additional finite-element analysefl
and extending the 15-coil model so that the infinitely long
guideway is better approximated. [5]

The use of an iron core offers significant advantages such
as rapid attenuation of the far magnetic field. Furthermore,
the iron core reduces the mass of superconducting materigl
needed for a given guideway field. The iron can be used to
reduce the magnetic field impinging on the coils so that they
critical current is maximized.

Vertical force can be controlled by differential control of o
the magnet currents. Vertical position can be actively damped
by utilizing an active magnetic secondary suspension. Use of
HTSC may overcome the limitations imposed by mechanicar
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