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Characterigicsand Optimization of aPML3M for HTS
Magnetic Sugpenson Propuldon Sysem

L.H. Zheng, J.X. Jin, Y.G. Guo, W. Xu, H.Y. Lu, add5. Zhu

Abstract[] Per manent magnet (PM) linear
synchronous motors (PMLSMs) can be integrated with
a high temperature superconducting (HTS) magnetic
suspension system to be used in such as electromagnetic
aircraft launcher and maglev transportation which have
a levitated object moving on a long linear track. This
paper presents the design and electromagnetic
characteristic analysis of a long-primary single-sided
PMLSM for a HTS bulk-PM guideway repulsion
magnetic suspension propulsion system. Based on the
characteristics and performance analysis of the PMLSM,
a new type of HTS suspension propulsion system driven
by a doublesided PMLSM with an optimal PM
structure is then proposed. The running characteristics
of the linear propulsion systems are studied through
finite element analysis (FEA) with comprehensive
performance results obtained for practical development.

Keywords[1 High temperature superconductor (HTS),
Permanent magnet linear synchronous motor (PMLSM),
Electromagnetic simulation, HTS bulk, HTS magnetic
suspension.

1. Introduction

Permanent magnet linear synchronous motor (PMLSME)ot

technology has a rapid development in recent yedangh
results PMLSM increasingly used as actuators imsiihl
drive applications, such as computer controlled hirdag
tools, X-Y driving devices, robots,

magnetic suspension propulsion system like madghhg

bulk-PM guideway repulsion type suspension systam c

be integrated due to stable levitation force andlance

force-simultaneously generated between PMs and HT
bulks [1-3]. The main advantages of HTS magneti
suspension system is the strong levitating forceh wi
toe th

passive and self-stabilizing feature, leading
simplification of the sophisticated control systefor
regulating the length of air gap, which is necegdar
other types of levitation transportation systems.
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semiconductor
manufacturing equipment, transportation and suspens

propulsion system. When a PMLSM is applied into theC

In this work, a HTS magnetic suspension propulsion
system having a long-primary single-sided moving-
magnetic type PMLSM for driving has been developed,
which has lightweight of secondary mover and alde t
realize higher force density and acceleration céipaln
shorter time. The HTS magnetic suspension systersisis
of HTS bulks put in cryogenic vessels on the momed
PM guideways installed on both sides of PMLSM stato
The electromagnetic characteristics and performaffi¢ke
PMLSM are studied by numerical analysis and finite
element analysis (FEA) methods. Based on the sesaft
optimal HTS suspension propulsion system drivedaby
double-sided PMLSM is proposed with its performance
characteristic analysis.

2. Model of HTS Magnetic
Suspension Propulsion System

The structure model of the HTS magnetic suspension
propulsion system composed of a PMLSM and HTS
bulks-PM guideway repulsion suspension sub-stractsr
shown in Fig. 1. The primary stator of the PMLSM is
composed of three-phase copper windings and arcoo
while the secondary is made up of PMs and a piéback
iron. Table 1 lists the major parameters of the BML
The HTS magnetic suspension systems are fitted on
h sides of the PMLSM, and the PM-guideways are
consisted of PMs and magnetic iron (Fe) ribs astsiis
shown in Fig. 2. The magnetization directions df-s&de
and right-side PMs are along the vertical directiamd the
middle PMs are installed with opposite magnetizatio
direction. The iron core is put in the middle of PNb
oncentrate magnetic field for generating strongagnetic
field on the upper surface of PM-guideways and weak
magnetic field on the lower surface.

The HTS bulks-PM guideway repulsion suspension

%ystem can realize self-levitation and self-guidarso that
Ghe PMLSM can run without any sliding friction ferand

any assistant guidance control system.

HTS bulks

/ (levitation and guidancm

/'—iquid N, Secondary PMs Back-iron \

i,

T
Base plate

Primary ¥ copper windings PM-guideway

Fig. 1. Model of HTS suspension propulsion system drivedby
single-sided PMLSM.
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PM Fe wpm Can be calculated out with the value of 0.4 Wh.
When the secondary rotor moves, an electromotive
force (EMF) is induced in the stator windings. By

differentiating the PM flux of phase winding agaitisne,
s/—> N<—
ﬂ N S ﬂ the back EMF is determined with an rms value as

n
(7]

N N 1=n
=——N v, =k.V, 2
Fig. 2. PM guideway structure. % J2r st =He, @
1= .
Table 1. Major dimensions and parameters of PMLSM where ke _E? N ky@sc is the back EMF constant,
_ Item Values the pole pitchN; the number of turns of winding, ang
P”Cmary i the winding factor.
oﬁﬁ;rbvewrnof'?gﬁ] N, 200 Neglecting the magnetic reluctance of stator ctre,
Diameter of copper wire (mm) 118 magnetic reluctance of the closed circuit in whitie
Resistivity ©-m) 1.75E-8 magnetic flux flows generated by one coil can Heutated
Iron core as
Tooth length (movement direction) (mm) 10
Tooth depth (mm) 100 R =% (3)
Slot width (mm) 20 2UA
;%?;hpﬁggl{;n(&n)m) ig whereA, is the area of stator teetly, = 1500 mm. So that
Number of slots 37 the inductancé of one coil can be calculated by
Main air gapg (mm) 4 2
Secondary L= M = N_l (4)
PM i Rt
PM length (movement directioh)(mm) 45
PM widthwg (mm) 45 whereN; = 200,L =5 mH. There are 12 coils for one-phase,
PM heighth, (mm) 12 so the one-phase coil inductancéiss 60 mH.
PM trapping fieldB (T) 0.5
Number of PMs (movement direction) 6
Back iron thicknessly,, (mm) 10 W, s
Running parameters < R — y l
Frequency (Hz) 5 g* | I [ h
Phase voltage (V) 106 T 1
Phase current (A) 6.8
Phase resistance) 135 ) W, R
Maximum thrust force (N) 254 N "

3. Numerical Analysis @ ®)

Fig. 3. Model of PMLSM. (a) Transverse section; (b)

3.1 PM Flux Linkage and Back EM F Longitudinal section.

The transverse section and longitudinal sectionhef
PMLSM are shown in Fig. 3. The length of PMss equal
to the pole pitchr with no gap between them. Neglecting 3-2 Thrust and Normal Forces

the magnetic resistance of primary iron-core arubiseary In 2D plane magnetic field analysis, the thrustédfe,
back-iron, the magnetic flux linkage of one coihgeated and normal forc&, have been expressed as [4]
by one pole-pair of PMs can be obtained approxilya® 1
7 H. b, = 365[2—(83 -B?)n, +2n,B,B, }ds (5)
Yoy =—= < Ho
™ Ry h/pulon g/ sl +,) 20w +w)/ 2]
H w0+ 0w +w) @) 1
= AHAT (s ) (W, F,=¢|=—(B2-B)n,+2n,BB, dS  (6)
4g|mwm+h'n|mwm+h'nlmvvs+h'n|sV\4‘n+hnlsvvs 2'1'10

where # is the magnetomotive force of magnetic circuit,whereS is the integrative path surrounding the movingt par
Ro the total magnetic reluctanceRs the magnetic of the motor in the air-gaB, andB, are the components
reluctance of PMR, the magnetic reluctance of air-gap, along tangential and normal direction, respectivejyis the
the relative permeability of PMH. the magnetic field tangential vector per unit amg are normal vector per unit.
intensity of PM, zo (4nx10° H/m) the permeability of For the long-primary PMLSM, the stator copper loss
vacuum;l, ws, andhs are the length, width and height of cannot be neglected. The PMLSM has the charactarist
PM respectively};,, w; the length and width of stator-tooth X4 = Xq = X = 2rfL; [5], therefore the electromagnetic
respectively. When the parameters are substitntét)j the  power can be derived as follows
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3,

p = F=F,, .ex(-7a)-F,,ex{-7/3) move-tonards
T REx

F= FLev_2 eXP( _Z/a z) - FA[I_Z expf _Z/ ﬂz) move—away

The electromagnetic thrust force is whereF e, 1 andFq ; are the levitation force and attractive
force when the HTS bulk is moved towards the

[U(X,sin6+R cosd)-E,R |  (7) { (13)

P, 3E[U (X, sind+R cod)-ER |

F = _rem_ PM-guideway, respectively;Fe, » and Fpy o are the
oy, 2rt (R +X?) @®) levitation force and attractive force when the HB®K is
(57 L w2 o _ moved away from the PM-guideway, respectively;a,, 51

=3E°[U R+ X sin(6+9) EORJ and f, are constants, which are closely related to the
2rf (Rf + Xf) superconductor and the distribution of magnetitdfie the

distance between the HTS bulk and PM-guideway. Fig.
where g=arctanR /X, . When# = 90°-arctanR /X, , the ~ shows the levitation force characteristic versies distance

3E, (u JRE+XZ - EORl) "L
Fem_max = (9)
_ or f (R12 + th) @\%I# @

where R, is the phase resistance; the synchronous & %
reactancel the phase voltage) the power angleys the % %
synchronous velocity, and = 2z f, wheref the frequency. /\[KN

4. Levitation and Guidance Forces

The levitation force and guidance force are geeerat rig 4 Model of interaction between a HTS bulk and the PM

based on the shielding force and the pinning fafcBTS  guideway.
bulks [6]. When the materials and dimensions of HTS

{
(

bulk-PM are properly chosen, an appropriate |eeitat 0.12
force and guidance force can be generated to tevitad 0.08
guide the mover. 0.04

The levitation force and guidance force are thedpcod E .00
of an external magnetic field and a shielding aurre & -0.04
flowing in a HTS bulk, and can be calculated by the _0'08
following equations '

-0.12 ‘ ‘ T T
F., = IOT” ILL//;"’J'MV/V//;"’JCXBdedde (10) 0039 0044 0049 0054 0059 0.064

Distance [m]
Fig. 5. Distributions ofB, for different heights.

N R HREITY Y S Et?

/2 Jw/2 0.20

whereF ¢, is the levitation forcekg,; the guidance forcel, 0.16
the critical current densityB, the field along the transverse [ 0.12
direction, B, the field along the vertical directioly, L and &a 0.08
TH are the width, length and thickness of the HTkb 0.04
respectively; and the depth of field penetration. Here, it is

assumed that induced shielding currents flowintherbulk 0.00
body are equal to the critical currents. Phesed as integral 0.039  0.044 0049 0.054 0059 0.064
range is given by the following relation [7] Distance [m]

B.-B Fig. 6. Distributions ofB, for different heights.

52 z zfc (12)

Aty d, 100¢
where B, is the trapped magnetic field, the Nagaoka < 75
coefficient determined by the configuration of angée. The = 500
Fig. 4 shows the interaction between a HTS bulk ted u \
PM-guideway, and the Fig. 5 and Fig. 6 are theibistions 25 \
of B, and B, for different heightsh from upper surface of ol
PM-guideway, respectively. 0 5 =0 5 ioo

The levitation force versus the distance betweeiT &

bulk and the PM-guideway can be described with an o o
exponential function as follows [8] Fig. 7. The levitation force characteristics between a HIEk

and the PM-guideway.

Distance [%]
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5. Performance Analysis

51 FE Mode

According to the geometric parameters of PMLSM, a

2D FE model is built, which is sufficient for thleebretical
analysis with relatively low computational complgxiThe
FE model is shown in Fig. 8 with the materials iodal are
numbered as:@® PM North (with the magnetization
direction along the negative y-axis directio@);  Eduth
(with the magnetization direction along the y-axis
direction); ® PM back iron@® Band® Stator iron core
and® Copper stranded coils.

The magnetic vector potentials obey the periodical

boundary conditions on the y-direction boundaryedirof
the primary stator and band. The time-steppingstear
analysis is applied to resolve. The analysis resoftthe
no-load, start-up, detent force, thrust force amanal force
characteristics of the PMLSM are detailed as foow

993 9 PO}

LARARARARIAREREARARLA

1-PM North, 2-PM South, 3-Back iron, 4-Band, 5-lemre, 6-Coils.
Fig. 8. FE model of the PMLSM.

5.2 No-Load Analysis

In 2D transient simulation at no-load without any
excitations, the back electromagnetic force (EMiJ &M
flux linkage can be calculated. Set the secondatgrr
move with a constant speed\as 2fz = 450 mm/swheref

<
()
g
©
>
©
[}
[8)
>
e
£ -20
0 0.1 0.2 0.3 0.4
Time (s)
Fig. 10. Three-phases induced back EMF.
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Fig. 11. Three-phases flux linkage characteristics.

5.3 Detent ForceAnalysis

The slotted PMLSM has a detent forEg due to the
interaction of the secondary PMs with the primaotted
core, and the detent force includes the coggingef@and
end force. For the long-primary moving-magnetic etyp
PMLSM, the end force can be neglected. The detaoef
is generally undesired effect that contributeshe force
ripple and vibration of motor. So it is necessaryaalize
the detent force characteristic and minimize it.

The detent force can be approximately obtained by
measuring the force while setting the secondary enov
move at a very low constant velocity at no-load.the

=5 Hz 1 =45 mm. The time stop of simulation is 1 s, andsimulation, a constant velocity of 4.5 mm/s is @mplwith

the time step is 0.01s.
After simulating, the three-phase induced curredd a

the result is shown in Fig. 12. From the resuttss found
that the pole arc coefficients has important influence on

back EMF is obtained as shown in Fig. 9 and Fig. 10the detent force. As can be seen from the wavefoties

respectively. As can be seen from the figuresathglitude
of induced current i, = 0.82 A, and the back EMF 5 =

detent force wave shows a periodic fluctuation wvittle
period length equal to 30mm, which is equal to tibath

12 V. Fig. 11 shows the three-phase flux linkagePitchy:. The amplitudes of detent force vary with e

characteristics with the same amplitudeyef, = 0.4 Wb
but are shifted by 12®lectrical to each other.

By comparing the phases of the flux linkage, induce
voltage and induced current, it is found that tireé-phase
induced currents have 120 electrical degrees dafter
those of the induced back EMF, and which are a0 1
electrical degrees delay to the flux linkages.

15
1
0.5
0
-0.5
-1
-1.5 I

Phase B Phase ®hase A

Induced current (A)

0.2
Time (s)
Fig. 9. Three-phases current characteristics.

0.3

Wheng; = 1, the amplitude is about?8N as shown in Fig.
12(a), and Fig. 12(b) shows that the plus-minuslinces
change to 5.6 N and -8.5 N whan= 0.75, respectively.
The average amplitude of detent forég ..y versus
different a; is calculated as shown in Fig. 13. It is
concluded that it has a maximum amplitude of deterte
ata: = 1 when the length of PM equal to the pole pitch
When thea; is selected between 6-D.875, it will have a
relative small detent force.

Similarly, the normal forceFy also has the period
characteristic like detent force as the resultssshin Fig.
14 with the maximum fluctuation amplitudes of 43aNd
22.1 N fora: = 1 anda: = 0.75, respectively. It is can be
thought that the tangential component of the flattan
value of normal force lead to the detent force, &mel
detent force can be eliminated when the non-safiet@ is
adopted.
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Fig. 12. Detent force characteristic vs. different pole esfficient
o, (8) =1, (b)x;=3/4.
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Fig. 13. Average amplitude of detent forég a,4Vs.a;.
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Fig. 14. Normal forceF, characteristic vs. distance for different
(@) a;=1; (b)0;=3/4.

5.4 Sart-Up Characteristics

In load analysis, the three-phase voltages ardeskas
U, =/2U sin(2ift +6,) (14)

U, =+/2U sin(2tft + 4, -2/ 3) (15)

U, =2U sin(2tft + 6, - 4x / 3) (16)
where U is the amplitude of phase voltag®, the initial
phase angle. The main dynamic simulation parametitins
the values based on the actual prototype and edicnlare
listed in Table 2.

Fig. 15 shows the start-up thrust force charadtesisit
no-load with the initial position of the axis of gge A
coinciding with the d-axis. As can be seen from. Big(a),
a great thrust pulsation is generated at the irstage with
the maximum amplitude of 367 N, and tends to stesialte
0.6 s later with a force ripple of £30 N as shownFig.
15(b), which is approximately equal to the ampltuof
detent force as shown in Fig. 12(a), which verifiest the
force ripple is mainly caused by the detent force.

The start-up speed and position characteristics
shown in Fig. 16(a) and Fig. 16(c). The velocitysation
is caused by the thrust pulsation, and he maximum
overshoot is 205%. After 0.6 s, the motor reachsteady
state in a mean running velocity of 0.45 m/s witte t
velocity ripple about +0.04 m/s as shown in Fig(ddpand
the mean velocity is equal to the synchronous viglaaf
2fr. Under this speed, the displacement is 682.7 nier af
15s.

Initial position x, has important influence on the
start-up performance. Fig. 17 shows the start-up
characteristic of PMLSM for different positions tithe
value of 04/2, 3/4, 3/2, and #4. As can be seen from Fig.
17, whenx, = 7/2, it has the smallest thrust pulsation, but
whenxy, = 3/4 and 3/2, a shift in the reverse direction is
generated instantaneously, which degrades the-ugiart
performance.

Fig. 18 and Fig. 19 show the influence of load éoand
load weight on the start-up of PMLSM at differenttial
positions, respectively. As can be seen from therés, the
motor can start normally when the load foreg £ 140 N
atx, = 0, and the maximum load force can reach 3008 at
= ¢/2 shown in Fig. 18(b), which is 2.1 times thattbé
former. Fig. 19(b) shows that the maximum load \veig
mass = 60 kg at, = 0, and it reaches a value of 145 kgqat
=1/2, which is 2.4 times that of the former.

are

Table 2. Major Parameters of Dynamic Simulation

Parameters Quantities Parameters Quantities
Mass 8.5 kg Voltag®, 106 V
Load force ON Phase resistarie 13.5Q
Initial velocity 0 m/s Inductance, 60 mH
DampingD, 0 N-s/m Time stop 1s
Frequency 5 Hz Time step 0.01s

40C

~ 200

£ o0

§ -200

" 400

-600
0 0.3 0.6 0.9 1.2 1t
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Fig. 15. Start-up force characteristic at no-load. (a) Thifosce
FemVs. time; (b) Force ripple vs. time.
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Fig. 18. Start-up characteristics vs. different load fo@@x, = 0;
0 05 1 16 O)o=t2.
Time (s)
(@)
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Time (s) Fig. 19. Start-up characteristics vs. different load weidgh}.x, =
(C) 0, (b)Xo:T/Z.

Fig. 16. Start-up characteristics at no load. (a) Speedime; (b)

Speed ripple; (c) Position vs. time. 5.5 Thrust and Normal Forces Characteristics

The Fey, = f(0) is an important characteristic for the
PMLSM. Fig. 20 shows the locked-rotor thrust force
characteristic fof = 5 Hz, and it is just the force-angle
characteristic. As can be seen from it, wiien 54°, the
maximum locked-rotor thrust force is 399 N, anisiequal
to the maximum thrust ford€em max TheFem maxdecreases
with the frequency of exciting voltage with the uks
shown in Fig. 21.

The magnetic flux densiti} of PM and exciting current
have direct effects on thrust force and normaldofg. 22
shows th&Fem_maxand average normal forég_,.qversusB.

0 0.1 0.2 0.3 0.4

Time [s]
Fig. 17. Start-up characteristic vs. initial positigg

As can be seen from the figure, them max and F, ayg
increase nearly linearly with. The ratio ofF,_avdFem maxiS
between 1.9-5.96 when theB = 0.3-1.2 T. Similarly, the
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Fem_max@ndFy_a,gincrease with the exciting current nearly 1.8 0
linearly as shown in Fig. 23, and the ratioFafavdFem_max ~ 15 >— Fem_maj 05
is between 68-1.76 when the exciting curreht 3.2-46.2 =< 1.2 o—Fn_avg 1 &
V. It is concluded that improving the exciting cemt has a 8 0.9 15 %
better effect to increase the thrust force with dow EI 0.6 2
anavg!Femfmax ) . IEIL) 0.3 -2.5 t
The shape and size of PM have non-ignorable 0 3
influences QrFem. Fig. 2_4 shows th@emim_axvs. thickness 0 10 20 30 40 50
of PM for different exciting voltage, and it can seen that 1A]
the Fem maxWill tend to saturate with the thickness of PM . .
increasing to 20 mm for different exciting voltages Fig. 23. Fem max@ndFn _aygvs. different current.
The pole arc coefficierd; also has important effects on
Fem and it has an optimal value to realize an optithaist 2000 | —o—U=106V
force. As can be seen from Fig. 25, #hg, maxincreases 1500 —o— U=200V|
with g until the value equal to 0.875, then the thrustdo = A U=300V——¢ X
will decrease with they till & = 1 where theFem maxis E| 1000 |—s¢ u=4oov/“A'_’_A_’—A
smaller than that a# = 0.75. The curve oFem max /Fd c
versus they; shows that it reaches a peak valug at 0.75. & 500 |- T o
It is concluded that it will reach an optimal thrfrce with
lower force ripple generated by detent force wheat = 0 ‘ ‘
0.75. 0 10 20 30 40 50
The influence of the number of secondary PM poles Thickness of PM [mm]
Npy ON theFEem is calculated as shown in Fig. 26. As can be Fig. 24. Fem maxVs. different thickness of PM.
seen from it, the thrust force increase linearlythwihe
number of poles wheNpy < 7. WhenNpy > 7, the thrust 500
. . . _ —o— Fem_max
force will reach saturation with the meBgy, max= 450 N. o]
- 400 1 5 Fem_max/F w
600 = = =
(54°,399N) Z. 300 N g
400 |-~ = —~__.. e 200 X |
z 200 & L %
< 100 o . w
e O 0
-200 ¢ 0 02 04 06 08 1
-400 ‘ ‘ ‘ ‘ Pole arc coeffient
0 60 120 18C Fig. 25. Fem max VS. pole arc coefficient and th€em mafFq
Electrical angle [] characteristics.
Fig. 20. Locked-rotorF.,, characteristic. 500
800 z, 400
& 300
EI
' 200
(]
w100

10 15
Frequency [Hz]

20 25

Fig. 21. Fem maxvs. frequency of exciting voltage.

1
< 08
é 0.6
5 oz
g o.

0

differentB of PM.

Fig. 22. Fem max@ndF aygVs.

0

Number of poles

Fig. 26. Fem maxVs. the number of poles of PM.

6. Optimal Design

Based on the analysis above, it can be seen that th
normal force between the primary stator and PM-séary
is great, and it is aboutf-6.9 times the thrust force,
which counteracts the levitation force generatedHI\S
bulk-PM guideway suspension sub-system and leads to
decrease the load capacity. In this work, an optton
design is carried out with a new HTS suspensiopyision
system is proposed, which is drived by a long-prima
double-sided PMLSM with a novel integrated model as
shown in Fig. 27.
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Slider
Primary stator

Secondary mover
I

Secondary permanent
magnets (propulsion)

| |! HTS bulks

(levitation and guidance)

| = |

~PM-guideway

Fig. 27. A new design of HTS suspension propulstion system

drived by a double-sided PMLSM.

In the double-sided design, the normal attractancds
produced by the motor can be mostly cancelled, thed
thrust force will be double as the single-sided .onke
HTS suspension unit is installed underneath therstary
mover, which only needs to support the weight ofvero
and load. In order to confirmation the performantdhe
propulsion system, the primary stator used in ttevipus
single-sided one is adopted in the double-sidedamndde
optimal dimensions of the PMs are listed in Tablaith
the running parameters and performance features.

Fig. 28 shows the start-up thrust force charadiesist
no load. Fig. 29 shows the thrust forEg, versus the

o
E
=]
Q
5]
Q.
n
0 0.2 0.4 0.6 0.8 1
Time (s)
Fig. 28. Start-up thrust force characteristic at no load.
3 (54°,2kN)
2 o
< 1< TN
§ of
Lo
8 T
-2 T T
0 60 120
Electrical angle [°]
Fig. 29. F.,vs. electrical angle.
450

FL=-1050N

FL=-1400N

Position (mm)
=
()]
o

0 0.2 0.4 0.6 0.8 1
Time (s)

electrical anglef. As can be seen from it, the maximum Fig. 30. Start-up characteristics vs. different load forcryaz/2.

thrust forceFem max are approximately 2 kN & = 54°

From theFem maxVs. load force characteristics shown in Fig. 500

30, the maximum start-up thrust forcexgt= /2 can be
achieved as about 1050 N, which is 3.5 times tlighe
single-one, and the maximum start-up force in plear
reach 1.3 kN.

Fig. 31 shows the characteristickf, vs. load weights.
It is shown that the maximum load weight is 560 Wkbjch
is 3.8 times that of the single-sided one. Withde
influence of normal force, the secondary mover wihh
load can be levitated by HTS magnetic suspensistesy
easily.

Table 3. Optimal parameters of double-sided PMLSM

Item Values

PM

PM length (mm) 33.75

Pole arc coefficient 0.75

PM widthw, (mm) 45

PM heighth, (mm) 25

PM trapping fieldB (T) 0.7

Number of PMs (movement direction) 6
Running parameters

Frequency (Hz) 5

Phase voltage (V) 200

Phase resistanc) 135
Performance

Maximum load mass (kg) 560

Maximum thrust force (N) 2000

Maximum start-up thrust force (N) 1300

a0l mass=560kg ____

S

= 300 r

% 200 mass=200kg mass=570kg

3 100 f----- A7 e ——
mass=700kg

0 |
0 0.2 0.4 0.6 0.8 1

Time (s)
Fig. 31. Start-up characteristics vs. different load weigth=1/2.

7. Conclusions

A prototype of HTS magnetic suspension propulsion
system derived by a single-sided PMLSM is developed
The characteristics and performance analysis of the
PMLSM show that it has an optimal pole arc coeéiitito
obtain a minimum detent force which minimizes tbecé
ripple. The initial position has influences on Giap
performance, and the maximum start-up load capduwty
difference at different position. It also has antimogl
thickness and poles of PM for different excitindtage to
obtain a saturation thrust force. In order to efiaté the
influence of normal force, a new HTS suspension
propulsion system driven by a double-sided PMLSNhwi
an optimal secondary is proposed, and the perforenan
characteristic analysis of which shows that it has
comprehensive performance for the practical apidina
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