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Abstract — Electromagnetic design of a high tempetare secondary, which ensures that the secondary moitar w
supercondycting (HTS) magne_tic suspensi_on and progsion HTS levitator can run without any sliding frictidorce. The
system driven by a double-sided HTS linear synchraus PMG is a type of Halbach magnet array with the seite

motor (HTSLSM) is introduced firstly in this paper. The
equivalent current sheet method is then used to ahae the
flux density distribution of the permanent magnet giideway
(PMG) for the HTS magnetic suspension sub-system.

diagram as shown in Fig. 2, where the arrow dioecis the
magnetization direction of PM.

Moreover, finite element analysis (FEA) method israployed to
study the performance of the HTSLSM. Theoretical |H|
investigations are finally verified by the measurerants. HTS bulk magnets
Secondary for propulsion
I. INTRODUCTION mover
HTS magnetic suspension systems have been paid more Primary stator
attention recently for the quick development of
supercondugtivity technqlogy [1]. It consists of &I Dulks e HTS bulks for
on the moving cryogenic vessels and permanent nhagne PMG — levitation and guidance
guideway (PMG) on the track. If driven by a lineaotor, L
this system can be applied to Maglev and otherenspn
propulsion systems for it can provide stable Iditaforce Fig. 1. Model of HTS magnetic suspension and psipalsystem.
and guidance force.
In this paper, an HTS magnetic suspension and ZT
propulsion system driven by a long-primary doubted
HTSLSM has been developed. The normal force of the 0 wl w2 w3
HTSLSM is mostly cancelled for its symmetry struetand N S
has no influence on the load capacity, which isefieral to — —>
the stability of the HTS suspension propulsion eyst S ==>N ﬂ N S ﬂ S N|{ Pom
Furthermore, a type of Halbach array PMG has been IS N

designed to optimize the flux density distribution the
interaction space so as to get optimal levitatiamd a
guidance forces. The performance characteristicghef . PMGNUMERICAL MODEL
HTSLSM are analyzed based on the finite elemeniysisa
(FEA) method with the results presented. Simulation
typical performance curves are verified by the expents
on the prototype.

Fig. 2. Structure schematic diagram of the Halkarcay PMG.

Equivalent current sheet method is used to buildhep
Halbach PMG model, and the current directions are
illustrated in Fig. 3. The flux density componeBtsandB,
at point &, 2) for different heightsh generated by all the
current sheets are calculated and indicated in4&). and

[I. MODEL OFHTS MAGNETIC SUSPENSION ANDPROPULSION X .
Fig. 4(b), respectively.

SYSTEM

The structure model of the HTS magnetic suspension 74
propulsion system is composed of a double-sided t$Ms
and HTS bulks-PMG magnetic suspension sub-system as Q
shown in Fig. 1. The primary stator mainly considtthree- E A c
phase copper windings and iron cores, while thersdary hom I B HE d o
is made up of HTS bulk magnets.

The HTS magnetic suspension sub-system is located o , E —1B o ,
the bottom of the HTSLSM, and the levitator coritagn
HTS bulks is connected and fixed with the moving
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Fig. 3. Current sheet model of the Halbach arrayaPM
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Fig. 4. Transversal distributions of flux densigngponenB; andB,.
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IV. PERFORMANCEANALYSIS BY FINITE ELEMENT
METHOD

A.FE Model

According to the geometric parameters of the HTSL.SM
a 2D FE model is built up as shown in Fig. 5. Trederials
in model are numbered HTS bulk magnet North (with
the magnetization direction along the negative ig-ax
direction); @ HTS bulk magnet South (with the
magnetization direction along the positive y-axigction);
(® Band;@ Copper stranded coils; afid  Stator iron core.
The time-stepping transient analysis method isiagpl
in the resolution. Typical performance curves iffedent
working conditions can be obtained.
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Fig. 5. FE model of the double-sided HTSLSM.
B. Thrust Characteristics

For the long-primary double-sided HTSLSM, the
primary copper loss cannot be neglected. Hence its
electromagnetic thrust can be derived as folloys [2

_ P, BPE,[U (X, sind+R cod)-E,R,]
- 2rf (R + X?) 1)

= 6pk. [UJRf +XZ sin(6+¢) - kaERi]/(Rf + th)

wherePg, is the electromagnetic powet, the synchronous
speed equal to® 7 the pole pitchf the frequencyk, the
root mean square value of the back electromotiveefo
(EMF), ke the back EMF constant equal id\llszﬂsc/\/Er,

N; the number of turns of one coil windinky the winding
factor, ys. the magnetic flux linkage of one coih the

number of pole paird}; the phase resistandd, the phase
voltage, X; the synchronous reactance; the load shaft

angle equal tarctanR /X, . When load anglé = 90°-¢,

the maximum thrustem_maxcan be obtained.

Based on 2D FE transient analysis, the locked-mover
thrust versus phase angle for different trapped netg
field Byap Of HTS bulk magnet are simulated with the results
as shown in Fig. 6. From the graph, the thrust lreac
maximum value oFe¢m max= 3.42 KN atBy,, = 3.0 T,0 =
36°, which are consistent with the numerical caltiahs.
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Fig. 6. Locked-rotor thrust characteristic.
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V.TESTINGRESULTS ANDCONCLUSIONS

The HTS magnetic suspension and propulsion system
driven by the double-sided HTSLSM has been verifigc
prototype. The motor control system based on thB\SW
control strategy is developed and the PWM signats a
produced by the LabVIEW software. So we can run the
HTS suspension propulsion system through the LalbWIE
control panel on the computer freely. The lockedrano
thrust of the HTSLSM is measured under different
frequencies for different air gap lendthy,, whenBy,, = 0.5
T with the results as shown in Fig. 7. As can bensieom
the graphFem max= 403 N aff = 11 Hz,Lg, = 12 mm, and
Fem_max= 239 N aff = 12 Hz,Lgop= 17 mm, respectively.

A bigger thrust with less volume and weight for the
HTSLSM can be readilyrealized by using HTS bulk
magnets with higher trapped magnetic fields, whezdd to
the great prospect of using the HTS magnetic sispen
propulsion system into Maglev and electromagneticraft
launch system (EMALS), etc.
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Fig. 7. Maximum locked-mover thrust versus différaquencies.
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