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1. 'INTRODUGTION: .-

‘Magnetic attraction,and,repulsionl’2.fbrmrthe»basisiof two compefing‘
magnetic suspension. schemes for high-speed -ground transportation in the 500
km/hr range.: However, in this-paper weiarewon;y‘concerned with the attraction
scheme, but with two-alteérnate.track. configurations.. The attraction approach
(electramagnetic) uses conventional electromagnets in which.the magnet currents
are controlled byffeedback'to obtain stability and maintain. a gap of about
1.5 cm between the vehicle:magngt-and the steel. track.: .Whereas the repulsion
system»reQuires!efficient generation of eddy currents to obtain good perform-
ance, eddy current géneratioh in the attraction system decreases its perform-

ance with increasing speed. . In-addition, it may give rise. to significant

“magnetic drag (for an unlaminated track) and magnet current control problems

a't-.‘high"s;geed'.5 .'Nevertheless, vehicles built -on such principles work,and two
German firms, Messerschmitt-BSlkow-Blohm‘(MBB)hand‘Krauss-Maffei (KM), each
have;manned Vehiclesﬁthat,have run on_short test tracks at spgeds above 100
km/hr. The MBB. system uses separate 1ift and guidance magnets while the KM
system.usés a combined 1lift and guidance magnet. : It is: these differences in
the MBB: and KMAtrack configuration that we wish to examine. Resolution of the
dilemma as to which attraction system dis better is at present. unresolved and
may not be resolved on a- purely magnetic basis, but will also depend upon
system considerations, i.e., switching capability and, guideway complexity,
ability to -operate reliably on practicalwguidewaySvunder varying environmental
conditions,~costs, and other as yet unknown criteria.

;. :Thé. MBB- and KM magnetiQ»suspenSion schemes are illustrated in Fig. 1.
Figure la shows:.that in the MBB configuration separate magnets are useq against
two.orthogonal:surfaces to . independently -provide the requisite 1ift and gui&-

ance forces.: . Because a-single magnet operates against a flat track, we will



refer to this scheme as either thé“ﬁlat-tiack 6r MBB‘co;figuratidn. In con-
. trast, the'KM scheme in Fig. 1bt"‘sidow'sﬂthéfd”§airs' of magnets: alternately
displaced from the cénter 1ihe»df.anaihv;rted U—shapedfrailwprbvide both -
horizontal and vertical' forces. - Changes in the required. guidance force, such
as that 1nduced under a lateral wind load, is accomplished in the KM system
by unbalancing the currents in the pairs of magnets keeping the average 1ift:
force for the pair constant.: Of course, it is the amount of magnet offset
from the cénter line of the U-shaped track that determines the maximum guid-
_ance force tﬁat‘can be obtained relative to the 1lift force. It~is precisely.
this force dependence on magnet”offsetffor'the'U-shaped;track thaﬂ we wish to
examine and'coﬁpare to an identical magnet operating against a flat track.
| The experimental setup was described-pi‘eviousl'y5 and only tﬁejessential
featufes will ‘be ‘given here for completeness. Small scale magﬁeﬁs.were built
having'an arc ‘shape (1.5 mﬂdiameter,_iength 20 cm)-foﬁallow acecurate méasure—
ments ‘of the forces against a'1u5 m~diaméter circulanr Steelltraek'of;eitherw
the KM or MBB‘cdnfiguratioh. ‘The circular nature of the‘trackiwas required-
foi'veloéityfdepéndént resultS‘given in reference 3. : The magnets ﬁere nounted
on a nested set of platforms sliding dﬁ low friétion.linear‘bearingé that
permit three orthogonal force measurements to be taken: 1ift, guidance,. and
drags -Thefdraglmeasurémenfs-(fOr‘v#O) are not reported heré.,~0niy the static
ﬁeasurementsfof-lift‘and“guidande‘Were'meaSUred.~ ThevmagnetAtran cross‘section
of both the KM and MBB configurations used in FheséFéxpérimgnts;are.shown in
Fig. 2, along with the field'plots_predicted by-the_éomputér prog?ams‘TRIM and
:)FORGEYwh'*TheSé two programs~enable ohe to predict.the fields,. forces, and
‘energy “for -arbitrarily placed iron-and”éurrents‘in-a“tﬁoidimEnsionalvarray;-
‘B<H tables for several kinds of miterial-can be included ‘in. these programs.J

TRIM generates a triangular mesh -and performs a-rélaxation: calculation of the

?



magnetic field. FORGEY computes the forces on the steel and windings as well
as the energy stored in the air and iron. Up to 5000 mesh points can be used
in the region of interest énd the output can be tabular and/or on magnetic
tape. The latter possibility will allow the triangular mesh to be plotted
as well as the flux lines and the outliﬁe of the iron. TFigure 2 is aﬁ example

of this output.
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2. RESULTS. ... .

\;fThe:TRIMmand FORGEY‘programs«were used to calculate the fields and
forces on' the. cross sectidn of the experimental magnet as a function of the
magnet. displacement from the: .center line of the track for the U—shapédltrack
(of KM configuration) as well as for the magnet against the flat track (MBB

configuration). These results are shown in Fig. 3 along with the experimental .

measurements.. ... 0 ‘ . LT

2.1 i ‘Experimentai S

S

- ' :As shown, -both in the experimental and theoretical results, the
guidance force (KM) at first increases-linearly witﬁ displacement. The fall
off in 1lift force is less rapid indicating th@t_awsmali_guidance force can be
obtéined‘at little;or no reduction in the 1ift force in the KM design. Un-
fortunately, the maximum lift'fbrce for the'U-shapedftrack still lies 20%
beiow<thét for the flat track. -At.reali§tic guidance forc§s5‘(FG/FL = 0.k4)
where the guidance‘force~is O.22‘kN/m,‘theflift-fbrce has fallen to 0.56 kN/m -
a decrease of 41% from itsfofiginal vélue or 50% of the flat track value.

| .. ‘Acomparison between the two track configuration.(fdr equal current)
mightgbe made:forithe’mgst‘efficiént ﬁ-shaped ﬁiack~conditiqn, i.g., where
Fp +F, = maximum. ‘This -occurs at FG/FL‘z"'22 where;Iiika = 0.96 kN/m.l
However, to make the comparison to thé‘flat track valid, we need the equivalent
lengths of .magnet-to obtain the- same lift“and‘guidance forces. TFor a
FG/FL = 0.:22 this results in magnet length,(flat track ) = 0.85 magnet length
(U;shaped track);-;Thatvis,‘the.equivalent_magnet weight to obtain the same
1ift and ‘guidance -forces fbr,the,flat-traqk is 85% of fhat for the U-shaped
track. Note-that: this is for magnet weight.alone and does not include thg
required cbntrolf@ystems‘or weilght differences that might result in the vehicle

structure.: Note-also that this 85% value is.an upper bound -and is lower for



the realistic case of FG/FL = 0.4 where magnet length (flat track) = 0.69
magnet length (U-shaped track) for equal magnet current. Because the equal
current condition of the two magnets appears to penalize the U-shaped track
configuration, force comparison of the two tracks under equal magnetization
conditions will be considered in another section.

2.2 TRIM and FORGEY

While the TRIM and FORGEY results give the same dependence on B/A
as the experimental results shown in Fig. 3, the magnitude of the predicted
forces are lower than the experiment: ~ 12% for the flat track configuration
and ~ 20% for the U-shaped track. This disagreement has not been resolved
even though the experimental results have been checked and verified and found
to be internally consistent with respect to the two track configurations.
While this places the FORGEY results in question, other TRIM results such as
magnetic field strength and structure are more accurately predicted, including
the field peaking in the gap at the corners of the magnet.5’6

In Fig. 2 the larger reluctance of the U-shaped track as compared
to the flat track is evident; note the relative amounts of leakage flux. While
a larger leakage flux indicates decreased magnetic design "efficiency'", such
a penalty may not be so severe if magnet current could easily be increased up
to saturation.

An attempt to assess and compare this performance feature between
the two track configurations was done using TRIM and FORGEY on full scale
magnets, a size comparable to what might be used on a passenger-carrying
vehicle. The size of these magnets is shown in Fig. 4 along with the flux
plots and the computed forces. DNote that the central part of the magnet core

is 4 cm thick compared to the 3 cm pole width. This was done to let the magnet

saturate more uniformly. Also, the depth of the U in the track is shallow in



order to intercept some of the leakage flux and convert it into useful 1lift.

Then the 1ift forces were obtained from FORGEY as a func-
tion of magnet current for the two track configurations, with the constraint
that FG/FL = ~ 0.3 for the U-shaped track. This dependence is shown in Fig. 5
and clearly indicates the onset of saturation, ~ 2 X lOLL AT for the U-shaped
track and ~ 1.6 X lOu AT for the flat track. The difference in these two
values for saturation can be interpreted as a measure of the reluctance of
the magnetic circuit verifying the higher magnetic efficiency of the flat
track configuration.

From Fig. 5, one can also obtain the normal operating point of the
magnet and its lift-to-weight ratio with an assumption about the dynamic
operating conditions. If a factor of two is allowed for the dynamic range of
the magnet 1lift force (if less than this then the guideway is probably too
smooth) then, for the magnets shown in Fig. 4, 20 kN/m is probably the
maximum operating point for the flat track (2 x 10u AT) and 15 kN/m (2.3 X lOA AT)
for the U-shaped track. This assumes similar levels of magnet saturation in
each of the two configurations. Thus, the normal operating point is the
10 kN/m (flat track) and 7.5 kN/m (U-shaped track). If we include the requi-
site length of guidance magnets for the flat track configuration, we obtain

the following magnet lift-to-weight (L/w) ratios.7

Table 1. Lift/weight comparison (equal magnetization,
unequal current).

Lift/Weight Ratio for

Track Geometry FG/FL = 0.3 FG/FL = 0.k
Flat track T3 6.80
U-shaped track T35 585




Note, however, that these values were comguggq;fqp:diffqrgnt)current densities
’in each of the,systems.__This”ig»unreali§§icxiﬁ thgttgracticql magnet design
dictates the maximum,magnetvcgrrent‘densiﬁ?e§,§ :AwbetFer?analysis\can be

done by incorporating the}sgme currentﬁdensipy‘fgr_the Ufshaped track és‘for
the flat track by ipcreaéing the‘depthmof_the-U¢§hapeq:tra03'magngt.- By this
technique the Winding:afea;ingreasesAalong with a small increase in.the_magnét
weight. .

Comparison of the two. systems (shown in Table 2) can then be déne on
an equal magnetization basis assuming the leakage flux of the U-shaped track
magnet has not changed (untrue)t Also, it should be noted that a largér.ﬁagnét
requires increased requiremeptS'of the,magngt drivers due“to the increased
resistance and inductance of the larger magnet. -

Table 2. Lift/weight comparison (equal current density
but unequal currents). .

iift/Weight Ratio for i
Track Geometry FG/FL = 0.5 (Corrected*) /P, = Ok (Corrected¥)

Flat track .. 731 | o (871) _ . 6.80 N (7.55) ,
U-shaped track 6.56 . (8.2) 1 5.25 (6.56)

* The corrected values assume a 10% error in the forces predicted by
TRIM and FORGEYufor.the,flatftrack=and_a_20% error for the U-shaped
track as noticed in the small scale experimental magnets. This
assumes that the error remains the same for the large magnets.

Here we note that at the lower values of FG/FL the U-shaped track does have a
lift-bo-weight advantage over the flat track conf;gu;ation, but only'if the

magnet current caane increased to bring the field levels in each of the magnets

(&3
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to the same value. \Notéfalso;thatsthewnominalnlift~force for theiflat track
~is 10 kN/m whlle that for the U-shaped track is 7.5 kN/m (F /F = 0. 3) or
6.15 kN/m (F /F = 0. h) ' Slnee‘aHSO kN revenue vehlcle is expected to be
~30nm long a lO kN/m llft force will require a double row of magnets 25 m
long. If FL 6 15 kN/m for the U-shaped track, two 53 m rows of offset
magnets will be required. The L/W values 1n Table 2 are for the magnet alone‘
and do not inciude the power ampllflere,(controll01rcu1try, w1r1ng harnesses,
and’ magnet cooling - 1f requlred. * - o |

An estimate of the power amplifier requlrements can be obtalned

from the size of the magnet windings and the energy stored in the field (from

- FORGEY) a8 Ziven in TAbIE 3. & - 2er - i o oo L. s

'Tableh§. Stored energy comparieon..

Stored Energy (20,000 AT)
U-Shaped Track Flat Track

CAir 0. 4853 J/m 0 560 J/m-

SIron - 1240 . 211_.7

Assumlng a packlng factor of 0. 75 for the magnet W1nd1ng and the requlrement
that the magnet follow the guldeway to lO Hz,9 the magnet and magnet ampllfler
parameters llsted in Table h Were obtalned for al meter long magnet in the

4

flat track conflguratlon.



Table . Magnet/magnet amplifier«ﬁaraméters:(Fi = 10 kN).

Nominai cnrnent”kamneresi-‘J“ ““lw> m56'ﬂtu 50 ' 70

A NUmber of turns : o ﬁﬁ;lt ':566 l'jl9O }
Wlndlng reS1stance (ohmsj; B 1.&8‘v'.b.55 0.27
lendlng 1nductance (henrles) - "O.6ﬁ“ 0;23 0.12
Dynamic voltage requlrement (volts) iéBSz ?Pfhd 540 e
Steady state power (watts) N ' 'i52h | 132 132

The values in Table I are not meant to be definitive'but:to serve as an indica-
tion. Clearly, the 1nduct1ve load of the magnet at 10 Hz is domlnant and con-'
trlbutes to the dlfflculty of us1ng thls system at hlgh speed. Note also that .
the results in Table 4 do not- account . for -the -increase in magnet current
required at high.speed.j S |

Finally, the iange,tomeruampiifiers!indicatedjby Table 4 plus the

Q

magnet cooling equipment as well~as the magnet-cabling and control circuitry
will reduce the L/W values listed in Table 2 by roughly a factor of‘two.lo
Thus, a value of 3.3 to L.1 for L/W'(aepending on F'/Fv)lis all that can be'
expectedu If addltlonal magnets are: requlred for vehlcle sw1tch1ng (or some
other sw1tch1ng mechanlsm) a fUrther reductlon in L/W can be expected such
that the overall suspens1on system (magnets, magnet drlvers, coollng, sw1tch1ng

mechanlsm, etc ). cannot be expected to have a ratlo of llftstoawelght any

larger than 3 to 3.5
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drawn:

i)

ii)

iii)

3. CONCLUSIONS

On the basis of these results some tentative conclusions can be

The ferromagnetic suspension system will rgquire magnets running

the full length of the vehicle (~ 30 m) to achieve the réquired

1ift force of ~ 10 kN/m. These long magnets will be éomposed of
many shorter magnets of ltoldm length_for control purposes.

At low FG/FL’ the U-shaped track configuration may show a L/W advan-
tage over the flat track configuration, but only if the magnet
current can be easily increased to compensate for the higher leak-
age flux in the U-shaped track..

The overall L/W‘ratio of the attractioﬁ magnetic_suspenéion system
including all associated components (magnets, magnet drivers, cool-
ing, vehicle swiﬁching, ete.) will be‘ﬁ 3 to 3.5. For the repulsion
magnetic suspension scheme this. value is believed to be about 5 -~
primarily because of the high L/W potential of the superconducting
magnets (2‘25),low power supply requiremeﬁts,and the ability of the
wheeis (required at low speed) to accomplish vehicle switching at

low speed.ll

11
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