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Abstract

Superconducting materials are capable of trapping extremely high magnetic fields. This property and Meissner
effect of superconductors causes a levitation force between bulk superconductors and a permanent magnet (PM).
This levitation force has possible industrial applications such as Permanent Magnet Guideways (PMG). Because
of the high price of permanent magnets, the optimization of PMG design is necessary and beneficial. A heuristic
optimization method has been proposed for the optimum arrangement and dimensions of permanent magnets in
different structures of PMGs, which guarantee the satisfactory levitation performance. Therefore, finite element
simulation, based on the estimation of penetration depth and self-inductance of the superconductor disk, has been
utilized. The variation of the PMG features, such as its dimensions and cost versus the system parameters, such as
the levitation height and the superconductor disk characteristics have been presented as the optimization results.
Based on the optimization process outputs, PMG prototypes have been fabricated and tested successfully.

Keywords: High temperature superconductor; levitation; optimization; permanent magnet guideway

1. Introduction

The purpose of the magnetic levitation is
suspension with no mechanical supports. Using
only ferromagnetic or paramagnetic materials it is
impossible to provide a stable levitation against the
gravity. Therefore, the possibility to achieve
passive stable levitation between superconductors
and permanent magnets can have many potentially
applications (Brandt, 1988; Weinberger et al., 1991;
Matsunaga et al., 2002; Minami et a., 1995;
Kovalev et d., 2002; Oka et al., 2000; Yoo et a.,
1998; Wang et al., 1999; Moon, 1994; Hull, 2000;
Brandt, 1989; Ma et a. 2003). The high
temperature superconductors (HTS) levitation has
been widely used in the fields of the bearing
(Nagaya et a., 2001; Oswald et al., 2002), energy
storage (Deng, 2008) and the magnetic levitation
transportation systems (Wang et al., 2002; Schultz
et a., 2005; Wang et al., 2009; Zhang et al., 1998),
and are particularly fit for the missile or launcher
systems (Stumberger et al., 2004; Yang et a., 2006;
Putman et al., 2005). The levitation and guidance is
a result of the interaction between the permanent
magnet guideway (PMG) and the onboard
superconductor disk (SD), so PMG plays akey role
in HTS Maglev systems and optimizing PMG is a
direct and effective approach to improve the levitation
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performance of the vehicle. For any levitating
system, and in particular the Maglev systems
consisting of bulk superconductors and permanent-
magnet guideways, the key aspect for a correct
operation is the levitation force, which determines
levitation height of the superconductor and is
dependent on the parameters of  both
superconductor bulk and  permanent-magnet
guideway. The most important parameters of
superconducting bulk are the dimensions, critical
current density, cooling process of superconductor
(Renet al., 2003; Yang et al., 2007; Maet a., 2008;
De-Vale et a., 2007; Kuehn et a., 2007; Cha et
al., 1991; Wang et a., 2007; Del-Vale et a., 2008)
and on the other hand, the number, size, latera
separation and magnetic parameters of the magnets
are the most significant parameters of the
permanent-magnet guideway (Del-Vale et al.,
2007; Zheng €t al., 2006; Chaet al., 1991; Wang et
a., 2007; Andrade et al., 2003; Dd-Valle et a.,
2007). So far, much attention has been paid to the
modeling of the levitated superconductor, which is
advancing from 2D to 3D models (Rubinacci et al.,
2004; Grilli et al., 2005). Numerical analysis on the
influence of the applied field on the levitation and
guidance force, and the guidance performance
dependence on size parameters of superconductor
and guideway (Song et a., 2007), are under
extensive investigation. However, there is not a
complete theoretical study that analyzes how the
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levitation force and height of the PMG systems
depend upon the dimensions and geometry of the
superconducting or guideway parts. In this work,
the influence of the magnets arrangement on the
levitation force of systems with trandlational
symmetry formed by a superconductor and a
guideway of permanent magnets is studied.
Moreover, a method to assess the efficiency of
PMGs and to determine the optimum PMG design
is presented. With the results of this work, some
guidelines are established on how the features of
the superconductor and magnets of the system
should be to achieve alarge desired levitation force.
For levitation force, many experimenta
investigations and numerical evaluations have been
done (Alvaro et a., 2001; Tsuchimoto et a., 1994,
Hashizume et al., 1996), and several groups have
reported their theoretical and experimental results
in recent years about the calculation and
measurement of the hysteretic levitation force
between a PM and an SD. In this paper the method
presented by Komano et a., (2004) has been used
for the levitation force calculation. The magnetic
flux density of the PMG has been calculated via the
3D model of the PMG which has been implemented
using FLUX3D.

In this paper, the exact magnetic field shape and
the high precision calculation of the levitation force
have been considered in the PMG optimization and
an algorithm has been proposed for the optimum
design determination of the PMG. The target is the
most economical PM arrangement, which results in
satisfactory levitation performance. The
optimization algorithm considers the calculation of
the levitation forces of the superconductor on
different PMG structures and at different PMG
cross sections. The optimization results contain the
variation of the distinctive PMG features, such as
its cost and width, versus the main parameters of
the system such as the levitation height and the
superconductor disk characteristics including its
radius, height and critical current density. These
results will provide basic analysis for the optimized
HTS-PMG levitation systems.

2. PMG structures

In the present paper the HTS levitation system
consists of a disk shaped HTS and the rectangular
PMs. The HTS bulk disk in this study has the
diameter of 8 mm and the height of 2 mm. The
measurement of the critical current density, J., for
the HTS bulk with the field trap method (Hekmati
et al., 2012) shows the value of 10 A/mm?.
Neodymium Magnets are made from an alloy
containing the elements Neodymium, Iron and
Boron (NdFeB) and are the strongest type of
magnet commercialy avalable and are

manufactured in a wide range of shapes, sizes. It
has reasonably been assumed in this study that the
magnets have constant magnetization density. The
cost of the magnets has been assumed proportional
to the magnets volume which is a good assumption
based on the market.

Three different guideway structures have been
considered, as shown in Fig. 1. The magnetization
directions of the magnets in these guideways have
been illustrated in Fig. 2. At the structure I, a sole
magnet forms a longitudinal sample of the PMG
and the variable parameters are the width (w), the
height (#) and the length (J), of each magnet and the
distance of each magnet from the adjacent magnet
(d), as shown in Fig. 1.a. At the structure Il, the
longitudinal sample of the PMG consists of three
magnets. two side magnets with the width of wy,
length /; and the height of /,, and the longitudinal
distance d, between two adjacent side magnets, and
a central magnet with the width of w,, length of /.
and the height of 4, with the longitudinal and the
latitudinal displacement of «,, and d;, respectively,
relative to the side magnets, as shown in Fig. 1.b.
The longitudinal sample of the PMG at the structure
I11, is formed of four magnets: two central and two
side magnets with the characteristic parameters as
in structure 11, except the latitudinal distance of d.
between the central magnets, as shown in Fig. 1.c.
To investigate the optimum PMG dimensions, the
levitation force has to be calculated for the three
structures.
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Fig. 1. The PMG structures considered, a) Structure I, b)
Structure 1, ¢) Structure [11
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Fig. 2. The magnetization directions of the magnets in
PMG, a) Structure I, b) Structure 11, ¢) Structure I11

3. Supercurrentsdistribution

In the process of imposing the external field to the
superconductor bulk, the shielding current is
induced to cancel the variation of the field in the
bulk. To derive the conditions of lift, the
supercurrent distribution in a field-cooled YBCO
disk must be determined. We applied the Sand-pile
model based on the Bean model in which the
shielding current distribution is independent of the
magnetic field. According to this mode, the
shielding current distribution, J,, and the trapped
magnetic field are related as (1), (Iwasa et al., 1997;
Fukai et al., 2001; Tamegai et a., 1993; Nagashima
eta., 1997; Fukai et al., 2000).

dB
J, = _LL(F) ()
Mo dr

where r is radial distance from the center of the
sample and B,,,,.(r) is the axial direction ingredient
of the trapped magnetic field.

The bulk superconductor disk with the radius of
r4, exposed to the external magnetic field and with
the invasion depth of ¢ is assumed to be a coil of
outer diameter 2r,, the inner diameter of 2(r;-0), the
height of A4, and the self-inductance of L(8). The
total current 7 which flows in the bulk is shown as
(2) using the shielding current distribution J, and is
shown as (3) using the self-inductance L(8). From
(2) and (3), the formula (4) is drawn and the
penetration depth is determined by solving this
formula numerically (Komano, 2004).

I1=J0h, )
__ ¢ 3
= L(5) ©
__¢ 4
OL(S) = " 4

where ¢ is the total magnetic flux generated in the
bulk and may be calculated from the well-known

equation  of ¢)=§B.dS . knowing  the

superconductor disk dimensions and the axial
direction ingredient of the external magnetic field.
The inductance L(¢), is calculated approximating
the superconductor disk with a single-layer coail in
cylindrical winding form, the details of which are
presented by Grover (1946).

4. Levitation force

The levitation force may be calculated utilizing the
Ampere’ sforce density as (5) (Guo et a., 2007).

F.=[[[(Jsc xB)aV =
©)

JIN0scx By + [[[ (e x Bic)av

VS(,' VSF C

where V., J,., Bpys and By, are the HTS volume, the
super-current density, the magnetic flux density of
PM, and the HTS flux density, respectively.

since [[[(Jc x By )dV =0, (6) is obtained
VSC
from (5) for the levitation force.

F = III(JSC X Bpy ) Aav (6)

Vsc

The levitation force should be equal to the disk
weight modified to include the buoyancy of liquid
nitrogen. Thus, (7) yields the required levitation
force (Tsudaet a., 1998).

F = (Md VP, )g ()

where M,, V,; and Py, &€ the mass of disk, the

volume of disk and the density of liquid nitrogen,
respectively.

5. Optimization process

The overall optimization process based on the
simulated annealing heuristic method is shown in
the flowchart of Fig. 3. In this process, the
levitation force for a specific sample of PMG
dimensions is calculated as discussed in part 4,
based on the FEM simulation results of the PMG
structures. The three PMG structures have been
simulated as shown in Fig. 4, from which, the
magnetic flux density distribution may be
determined for any cross section along the PMG.
The calculated levitation force is then compared to
the required force for the levitation. The process is
repeated and continues till an acceptable level of
accuracy is obtained.
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6. Results and discussion

The input data to the optimization process are the
dimensions and  characteristics  of the
superconductor disk and the levitation height while
the outputs are the dimensions of the PMG
structures. The optimization results are summarized
in Tables 1, 2, 3, 4 for structure |, Tables 5, 6, 7, 8
for structure Il, and Tables 9, 10, 11, 12 for
structure I11. The radius, height and the critical
current density of the superconductor disk together
with the levitation height have been determined as
varying input parameters in these tables.

,wﬁux

Nﬂ'ux

(©)
Fig. 4. Simulation of PMG structures in Flux 3D, a)
Structure I, b) Structure 11, ) Structurelll

In each table three of the parameters have been
assumed constant and only one parameter is varied.
The optimum dimensions of the PMG calculated
from the optimization process yield the minimum
volume for the permanent magnets guaranteeing the
satisfactory levitation performance of the PMG.
According to the calculated PMG dimensions, two
important characteristics for the PMG have been
caculated and presented in the tables: volume of
PMs per PMG length unit and the PMG width.
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Calculate Fz according to relation (7)
due to the disk dimensions and the
liquid nitrogen parameters

[

v

The sample (w, I, w,, I, h, h,, d, d,, d,, d.)is
assumed an initial value

¥
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The axial and radial components of the magnetic flux
density at the desired height over the PMG is obtained

v
The through flux (¢) of the superconductor
disk is calculated from ¢=[B.dS
¥

The invasion depth () of the superconductor disk
is calculated from (4)

Set the current
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The levitation force, F., is calculated at the
desired height according to (6)
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r
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Fig. 3. The optimization flowchart
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Table 1. The optimization result for the PMG dimensionsin structure I, r is varied, J,=10x10% A/m?, h,=10 mm, #,=2 mm

rqa (Mmm) 4 6 8 10 12 14 16 18

w (mm) 278 35.0 46.8 62.5 81.0 106.6 126.5 148.0
[ (mm) 20.2 255 29.3 34.1 39.0 44.2 49.0 53.1
h (mm) 38 4.6 53 6.2 7.2 8.0 8.7 9.3

d (mm) 4.2 4.7 53 59 6.4 7.0 7.5 8.1

magnets volume per 87455 135944 210046 330345 500987 736207 954460 1194229
PMG length (mm®/m)

PMG width (mm) 27.8 35.0 46.8 62.5 81.0 106.6 126.5 148.0
Table 2. The optimization result for the PMG dimensions in structure |, J, is varied, r,=8 mm, 4,=10 mm, 2,=2 mm
Jx10° (A/m?) 10 25 40 55 70 85 100 115
w (mm) 46.8 45.0 43.2 41.0 37.9 34.2 32.0 30.1
[ (mm) 29.3 26.4 25.0 224 21.8 20.1 18.7 18.3

h (mm) 53 54 4.6 43 41 35 34 33

d (mm) 53 51 48 47 45 43 4.1 3.6

magnets volume per 210046 203657 166711 145723 128802 98607 89237 83000
PMG length (mm?*/m)
PMG width (mm) 46.8 45.0 43.2 41.0 37.9 34.2 32.0 30.1

Table 3. The optimization result for the PMG dimensions in structure |, &, is varied, ;=8 mm, JC=10><106 Alm?, h;=2 mm

ho (Mmm) 4 6 8 10 12 14 16 18 20
w (mm) 392 425 456 468 550 615 700 763 921
I (mm) 26.2 27.2 280 293 301 319 34.6 394 447
h (mm) 43 45 5.1 5.3 5.9 6.4 6.9 75 8.3
d (mm) 44 47 5.0 5.3 5.6 6.2 6.5 6.9 7.4

magnets volume per 144324 163072 197324 210046 273599 329549 406613 486970 655854
PMG length (mm®/m)
PMG width (mm) 39.2 42,5 45.6 46.8 55.0 61.5 70.0 76.3 92.1

Table 4. The optimization result for the PMG dimensions in structure |, /, is varied, #,=8 mm, J,=10x10° A/m?, /,=10 mm

ha(mm) 1 2 3 4 5 6 7 8 9
w (mm) 445 468 521 546 584 629 687 752 806
1 (mm) 268 203 321 352 399 422 471 504 546
h (mm) 42 5.3 6.5 7.9 9.3 105 119 142 155
d (mm) 4.9 5.3 55 5.8 6.0 6.3 6.7 7.0 73

magnets volume per 158010 210046 289114 370322 472124 574660 715719 937615 1101968
PMG length (mm®/m)
PMG width (mm) 445 46.8 52.1 54.6 58.4 62.9 68.7 75.2 80.6

Table 5. The optimization result for the PMG dimensions in structure 1, r; is varied, J,=10x10° A/m?, h,=10 mm, 4,=2 mm

rq (mm) 4 6 8 10 12 14 16 18
w, (mm) 6.0 71 93 121 156 194 222 24
w, (mm) 8.1 8.8 118 163 202 27 312 36
1, (mm) 14.9 160 193 226 263 316 353 384
. (mm) 16.0 201 243 289 337 383 426 478
h, (mm) 25 3 36 45 5 5.8 6.6 7.2
h (Mm) 3.0 35 4.2 4.9 55 6.4 7.4 8.4
d, (mm) 22 5.4 6.1 7.0 75 76 8.1 10.3
d; (mm) 22 28 3.4 3.9 45 5.1 5.3 5.7
d,, (mm) 105 8.2 101 118 141 158 184 195
magnets volume per 48877 60780 98201 161128 235643 350242 464972 569318

PMG length (mm®/m)
PMG width (mm) 24.5 28.6 37.2 48.3 60.4 76.0 86.2 95.5
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Table 6. The optimization result for the PMG dimensions in structure 1, J.. is varied, »,=8 mm, /4,=10 mm, 4,=2 mm

Jx10° (A/m?) 10 25 40 55 70 85 100 115
w, (mm) 9.3 9.1 8.8 8.5 8.1 75 6.8 6
w, (mm) 11.8 115 11.0 10.4 9.8 9.0 8 71
I, (mm) 19.3 18.6 17.8 16.8 15.8 14.6 135 12.2
1. (mm) 243 22.0 20.2 18.6 16.9 15.6 14.1 135
hy (Mm) 36 33 2.8 2.3 1.8 1.7 15 1.3
h. (mm) 4.2 35 2.9 2.3 1.7 1.8 1.9 1.7
d, (mm) 6.1 4.2 4.0 41 36 33 3.0 2.9
d; (mm) 34 35 3.2 3.0 2.9 2.7 25 24
d,, (mm) 10.1 10.3 9.4 8.6 8.0 75 6.9 6.5
magnets volume per 98291 87833 69798 52718 38263 34916 29679 23397
PMG length (mm?*/m)

PMG width (mm) 37.2 36.7 35.0 334 318 29.4 26.6 23.9

Table 7. The optimization result for the PMG dimensionsin structure I1, #, is varied, 7,=8 mm, J,=10x10° A/m?, h,= 2 mm

ho (M) 4 6 8 10 12 14 16 18 20
wy (Mmm) 84 8.7 8.9 9.3 9.8 10.5 11.5 13.0 14.8

w, (mm) 10.5 10.8 11.3 11.8 12.5 134 14.7 16.7 194

L, (mm) 18.3 185 18.8 19.3 204 21.7 23.3 259 29.5

1. (mm) 217 22.3 23.2 24.3 25.8 27.7 30.1 329 36.3

hy (Mm) 31 3.2 34 3.6 3.8 4.1 4.5 49 54

h (mm) 30 33 38 42 4.7 5.1 5.7 6.2 6.9

d, (mm) 35 40 5 6.1 5.7 6 7.4 7.1 6.8

d; (mm) 27 29 31 34 37 3.9 4.2 46 48

d,, (mm) 8.7 9.2 95 10.1 10.3 10.8 12.2 13.6 15.2
magnets volume per 75073 81107 89664 98291 116287 135790 160703 203215 263758
PMG length (mm?*/m)

PMG width (mm) 32.7 34.0 35.3 37.2 39.5 41.8 48.1 519 594

Table 8. The optimization result for the PMG dimensions in structure I1, 4, is varied, »,=8 mm, J,=10x10° A/m?, #,=10 mm

hg (Mm) 1 2 3 4 5 6 7 8 9
w, (mm) 8.7 9.3 9.9 10.4 11.1 11.9 12.9 14.1 15.2
W, (mm) 11.2 118 12.2 12.7 13.2 13.9 14.9 16.0 17.3
I, (mm) 18.1 19.3 20.0 21.1 223 235 24.8 26.2 275
1. (mm) 23.0 24.3 25.3 255 26.7 27.9 29.5 30.3 311
hy (Mm) 25 36 45 5.7 6.7 7.6 8.9 10.5 12.4
h. (mm) 2.9 4.2 5.3 6.5 7.8 9.0 10.6 12.3 13.8
d,(mm) 5 6.1 5.5 4.6 4.9 5.1 5.3 5.6 5.8
d; (mm) 37 34 32 31 2.8 2.6 25 2.3 2.1
d,,, (mm) 9.7 10.1 105 11.3 12.0 12.3 131 135 14.6
magnets volume per 66424 98291 134035 179245 223011 270664 343980 431475 534270
PMG length (mm?*/m)

PMG width (mm) 36 37.2 38.4 39.7 41.0 42.9 45.7 48.8 51.9
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Table 9. The optimization result for the PMG dimensions in structure |11, r, is varied, J,=10x10° A/m?, #,=10 mm, 4,=2 mm

rq (mm) 4 6 8 10 12 14 16 18

wy (mm) 6.1 8.4 10.6 133 17.1 21.1 24.2 26.4
w,. (mm) 51 5.2 7.6 9.8 12.0 16.1 21.0 215
I, (mm) 14.2 14.8 214 24.0 28.8 35.0 45.3 48.7
1. (mm) 19.0 20.0 23.8 26.0 34.1 40.8 52.1 54.8
hy (MM) 2.8 34 4.0 5.2 5.6 6.5 7.1 8.0
h. (mm) 3.8 4.3 5.2 6.0 6.7 7.8 9.1 10.3
d, (mm) 5.0 5.2 4.5 49 55 6.3 7 6.3

d; (mm) 14 23 17 3.9 3.2 6 34 9.9
d,, (mm) 7.5 85 11.2 134 14.9 14.8 17.8 21.8
d, (mm) 15 2.9 4.1 5.2 6.4 7.7 9.1 104
magnets volume per 63620 86990 142699 220668 320674 480576 678385 815306
PMG length (mm>/m)

PMG width (mm) 26.7 34.7 43.9 59.2 71.0 94.1 106.3 126.0

Table 10. The optimization result for the PMG dimensionsin structure I11 J.. is varied, »,=8 mm, 4,=10 mm, #,=2 mm

Jx10° (A/m?) 10 25 40 55 70 85 100 115
wy (mm) 10.6 10.3 95 9.2 8.1 75 6.8 76
we (Mmm) 7.6 7.3 7.3 6.7 6.5 6.0 5.8 338
I, (mm) 21.4 20.7 19.4 185 17.0 15.8 15.2 14.0
1. (mm) 23.8 22.0 20.2 19.6 175 16.5 16.0 15.2
hy (Mmm) 4.0 39 39 36 2.8 3.0 2.7 25
h. (mm) 5.2 45 4.1 338 35 36 31 33
d, (mm) 45 42 4.1 37 3.4 3.0 32 31
d; (mm) 1.7 15 1.4 15 1.2 11 1.1 1.0
d,, (mm) 11.2 11.0 10.5 9.6 9.2 8.7 8.3 8.0
d, (mm) 41 338 35 36 33 3.0 2.7 25
magnets volume per 142699 124835 112626 100158 76833 75734 61603 53404
PMG length (mm*/m)

PMG width (mm) 43.9 41.9 39.9 384 34.8 32.1 30.0 27.3

Table 11. The optimization result for the PMG dimensionsin structure I 4, is varied, »,=8 mm, J,.=10x10° A/m?, #,= 2 mm

ho (Mm) 4 6 8 10 12 14 16 18 20
w, (mm) 9.2 9.7 10.0 10.6 114 125 13.7 14.9 16.0
w, (Mmm) 6.7 75 7.9 7.6 8.8 9.1 10.2 12.8 13.6
I, (mm) 17.6 18.4 19.5 214 224 23.8 25.6 285 32.8
1. (mm) 20.1 21.0 225 23.8 25.2 279 315 34.9 38.3
h, (Mm) 36 3.8 36 40 45 5.1 55 6.2 7.1
h, (mm) 4.0 43 48 52 57 6.5 7.0 7.6 8.0
d, (mm) 3.6 4.0 4.2 45 47 51 59 6.5 57
d; (mm) 1.2 14 1.6 1.7 1.9 2.0 2.4 2.8 25
d,, (mm) 9.5 10.2 10.8 11.2 115 11.8 12.8 14.3 16.4
d. (mm) 2.8 3.6 3.3 4.1 39 4.2 4.4 4.8 51
magnets volume per 105811 121022 131241 142699 178092 219208 265270 344451 410031
PMG length

(mm%m)

PMG width (mm) 37.0 40.8 42.3 43.9 44.2 514 56.9 65.8 68.1
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Table 12. The optimization result for the PMG dimensionsin structure I 4, is varied, »,=8 mm, J,=10x10° A/m?, /,=10 mm

Critical Current Density of Superconductor Disk (Mmz] x10°

Critical Current Density of Superconductor Disk (A.rrnrnz} x 10"

hg (Mm) 1 2 3 4 5 6 7 8 9
wy (mm) 9.6 10.6 11.2 11.4 125 133 14.2 154 16.8
w, (Mmm) 7.0 7.6 8.0 85 9.1 c3 95 10.0 10.2
I, (mm) 20.0 21.4 22.0 229 24.0 26.7 26.9 285 30.0
1. (mm) 23.1 238 26.3 26.5 26.8 28.9 29.5 30.6 337
hy (Mm) 3.0 4.0 5.5 6.6 7.1 g.2 9.3 112 134
h. (Mm) 4.1 52 6.4 74 8.3 c.6 109 12.6 15.0
d, (mm) 4.3 45 4.7 49 50 £3 57 6.1 6.4
d; (mm) 13 17 2.2 2.8 33 38 45 4.6 54
d,, (mm) 10.7 11.2 11.5 12.5 13.1 135 14.3 15.0 15.6
d, (mm) 4.0 41 3.9 35 3.8 4 31 2.8 2.7
magnets volume per 101971 142699 202378 243874 286497 343256 405347 507012 654379
PMG length
(mm%m)
PMG width (mm) 39.8 43.9 46.7 48.9 53.6 £6.2 59.5 62.8 67.5
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-+ Structure | E | estructure |
90 4 Structure | £ 6" -a-Structure Il
T = Structure |l £
E 80/ ag = Structure Il
g L %4
o 5
5 60 / re
g 50 Ez. - »
4 Sg—e—t T ——"
3 - § 0
4 6 8 0 14 16 18 205% 6 0 12 14 18 20
Levitation Height (mm) = Levitation Height (mm)
@
50 Epgx 10
*Structure | “E -+ Structure |
45 +Structure 1 = + Structure |l
£ = Structure Il £ 2 = Structure i
E40 §
% & L_‘—‘—L‘_\_\_i___ ¢ f;% 1.5 ‘\\
5 5
§3U E \\\‘ —
= ” \\ é 05 - '““--____,_‘_h.
» T s ins
2% 2 4 6 8 10 12 % 2 4 6 8 10 12
b)

Width of PMG {mm)

1

60

- Structure |

140 --Structure ||

3
(=]

g

-=Structure ||

&

8 10 12 14
Radius of Superconductor Disk (mm)

~

1% 10°
- Structure |

- Structure |l
- Structure Il

® o® o

-

Magnets Volume per PMG Length (mm°/m)
L]



1JST (2014) 3842: 133-144

142

- Structure |
80 - Structure Il
= Structure Il

)
o

PMG Width (mm)
@
=]

3 4 5 6 7
Height of Superconductor Disk (mm)

9

(d)

Magnets Volume per PMG length [mmaa'm)

5

12% 10
-=Struciure |

10 & Structure Il
-=-Structure Il

@

o

3 4 5 6 7
Height of Superconductor Disk (mm)

Fig. 5. The variation of the PMG width and the PMs volume with: a) levitation height, hy,
b) critical current density, J;, ) radius, ry, and d) height ,hy, of the superconductor disk

6.1. Permanent magnets volume per PMG length

Permanent magnets volume per PMG length unit
is caculated as the volume of the PMs in the
longitudinal sample of PMG divided by the length
of the sample. In other words, it is a measure for the
volume of the permanent magnets per unit length of
the PMG, and as a result, a measure of the PMG
cost. It may be calculated as (8), (9) and (10) for the
three structures|, 11 and 111, respectively.

PMsvolume per PMG length unit of structurel
_wxIxh (8
[+d

PMsvolume per PMG length unit of structure I1
€)

_2xw xI xh +w, xI xh,

[, +d,

PMsvolume per PMG length unit of structure I11
_2xwoxl o xh +2xw, xI, xh,
[, +d,

6.2. PMG width

PMG width is obtained from the calculated
optimum PMG dimensions and is important due to
creation of the moving band for the superconductor
disk. It is calculated as (w) for PMG structure I, as
(2wg+2di+w,.) for the structure 1l and as
(2wyt2d+2w.tdc) for the structure 111.

The variation of the width and the volume of the
permanent magnets in three structures of PMG
versus the parameters of the superconductor disk
such as its radius r, critical current density J.,
height 4,, and the levitation height #,, are shown in
Fig. 5. It may be deduced that increasing the
levitation height and the radius and the height of the
superconductor disk, considerably increase the
width of the PMG and the volume of the permanent
magnets used per length unit of the PMG.

Increasing the critical current density of the
superconductor disk decreases the volume of the
permanent magnets used per length unit of the
PMG because increasing the critica current
density, the shielding super-currents increase in the
superconductor disk and as a result, lesser PMG
width and PM volume are required for a specific
levitation force.

The structure Il seems to be the most desirable
structure from an economical point of view as it
results in the least volume of the permanent
magnets and also with the least width of PMG. The
structure I11 is next and the structure | is the most
expensive structure.

6.3. Fabricated PMG Prototypes

Prototype guideways with the resulted
dimensions have been fabricated for the
superconductor disk with the dimensions and
characteristics as mentioned in part 2. Practical tests
are performed with the levitation height of 1 cm
and show satisfying results. A typical constructed
PMG isshownin Fig. 6.

-

Fig. 6. Thetypical constructed PMG

The balance of the disk in motion and the
maximum alowable speed (especialy in twisted
guideways) may be compared for the three
structures. Experiments show that the structure 111
provides the most stable motion for the
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superconductor disk. This may be due to the
magnetic field dip at the middle of the PMG. This
magnetic flux density dip creates a trap for the
superconductor disk and causes the superconductor
disk not to dide aside. The structure | shows the
weakest stability behavior of the disk and the
superconductor disk simply dides outside the
guideway at higher speeds.

7. Summary and conclusion

In this paper, a process is proposed to yield the
optimum design of the permanent magnet
guideways for different levitation heights and the
superconductor disk characteristics and dimensions.
The influence of varying these parameters on the
PMG design and characteristics has aso been
presented. The levitation force between HTS and
PM is analyzed by using axisymmetric 3D FEM.
These results may provide basic anaysis for the
optimized HTS-PMG levitation systems. prototype
guideways have also been fabricated and tested
successfully. PMG structures other than those
studied in this paper are possible and may be
considered, especidly from the viewpoint of
superconductor disk stability on the permanent
magnet guideway.
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