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Abstract The magnetic levitation force (MLF) and the
guidance force (GF) should be improved for loading capac-
ity and stability of Maglev systems, respectively. Although
there are some ways to increase these properties, using of
auxiliary onboard permanent magnets (PMs) can be consid-
ered as the most efficient one. The auxiliary PMs increase
the MLF significantly but, at the same time, decrease the
GF. We have searched a solution to overcome this prob-
lem in this study. Firstly, we have determined the optimum
vertical positions of the auxiliary PMs and then we have
investigated the vertical levitation force and lateral guidance
force of hybrid Maglev system depending on lateral posi-
tion of auxiliary PMs in different cooling heights (CHs).
A cylindrical YBCO superconductor, fabricated by a top
seeding method with the diameter of 45 mm and the height
of 15 mm, was used as a high-temperature superconductor
(HTS). The maximum increment rate in MLF and the min-
imum decrement rate in GF were observed as 277 and 54
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%, respectively. The increment in MLF was obtained five
times more than the decrement in GF, and this reality points
out that the results of this study can be useful for improv-
ing the loading capacity and thus enhancing the practical
applicability of Maglev systems.
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1 Introduction

High-temperature superconducting Maglev transportation
has been a very important research item in recent years, and
many research groups [1, 2] are working on these systems
to increase the magnetic force performance. The magnetic
levitation force (MLF) and guidance force (GF) of Maglev
systems should be increased for achieving desired loading
capacity and stability, respectively. The magnetic force per-
formance of Maglev systems can be increased in three ways.
The first way is to enhance the superconducting properties
of the onboard superconducting material [3, 4]. The second
way is based on the optimization of the permanent magnetic
guideway (PMG) under a high-temperature superconductor
(HTS) unit. The third way is using auxiliary onboard per-
manent magnets (PMs) [5, 6], and this system is called as a
hybrid Maglev system.

There are lots of studies in the literature related to
increasing the magnetic force properties of Maglev sys-
tems [7, 8]. Most of these studies focus on optimizing the
PMG arrays below a HTS unit and comparing the conven-
tional PMG and Halbach PMG [9, 10]. Although in respect
to a scientific basis some enhancement has been reported
in these papers, the magnetic force properties of Maglev
systems should be increased for technological applicability.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-016-3685-x&domain=pdf
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Fig. 1 Schematic view of the studied PMG for different XPM positions

It is possible to increase the magnetic force properties
of Maglev systems by using big-sized HTSs, but there
is a limitation for the size of the HTS. On the other
hand, the HTS number can be increased, but this time, the
production cost will be increased too much. So, the effi-
ciency and the practical applicability of the system will
be decreased. The hybrid Maglev systems can overcome
this problem. In these systems, the auxiliary PMs are used
as an onboard unit with HTSs together. Thus, the MLF
and the efficiency of the system increase significantly due
to the repulsive magnetic force of the parallel directional
PMs [12]. However, the repulsive character of the auxiliary
PMs decreases the guidance force and the stability of the
system [5].

In this study, we aimed to increase the levitation force
and to compensate the decrement in guidance force. For this
aim, firstly, we have determined the optimum vertical posi-
tions of the auxiliary PMs and then we have investigated
the vertical levitation force and lateral guidance force of the
hybrid Maglev system depending on the lateral position of
auxiliary PMs in different cooling heights (CHs).

2 Experimental Procedure

The magnetic force measurements in this study were done
by using a three-axis magnetic force measurement system
[11]. The system can measure the force between YBCO
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Fig. 2 Levitation force comparisons for different vertical positions of auxiliary onboard PMs in a CH = 5 mm and b CH = 75 mm (ZFC)
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Fig. 3 Guidance force comparisons for different vertical positions of auxiliary onboard PMs in a CH = 5 mm and b CH = 15 mm

HTS and PMG in x-, y-, and z-axes up to 1110, 1110, and
2220 N, with the sensitivity of 0.5, 0.5, and 1 N, respec-
tively. The single-domain cylindrical bulk YBCO supercon-
ductor, fabricated by a top seeding method with the diameter
of 45 mm and the height of 15 mm, was provided by the
ATZ GmbH.

Figure 1 shows the schematic view of the studied PMG.
The arrows represent the magnetization direction of the
PMs. The dimensions and surface magnetic flux densities of
PMs are 40 mm × 30 mm × 30 mm and 40 mm × 20 mm ×
20 mm and 0.53 and 0.50 T, respectively. Auxiliary onboard
PM dimensions and magnetic flux densities are also 40 mm
× 20 mm × 20 mm and 0.50 T, respectively. In this study,
firstly, the vertical positions of the onboard auxiliary PMs
(ZPM) were changed as 5, 10, 15, 20, and 25 mm to deter-
mine the optimum ZPM. Then, the lateral positions of the
onboard auxiliary PMs (XPM) were changed as ± 2.5 and
± 5 mm as shown in Fig. 1, and the levitation force and
the guidance force were investigated in different CHs. The
MLF measurements were done in CHs of 5, 20, and 75 mm

(zero-field-cooled (ZFC)), while the GF measurements
were done in CHs of 5, 10, and 15 mm at the working height
(WH) of 10 mm. The detailed measurement procedures can
be found in our previous study [5].

3 Results and Discussion

The levitation force as a function of vertical distance
between the HTS unit and the PMGs for different ZPM posi-
tions in CH = 5 mm and CH = 75 mm (ZFC) is shown
in Fig. 2. As shown in this figure, the magnetic levita-
tion force increases significantly both in CH = 5 mm and
ZFC by using onboard auxiliary PMs. This increment is
attributed to the repulsive character of the parallel mag-
netic dipoles [12]. It is also seen from the figure that the
maximum levitation forces decrease with increasing vertical
positions of auxiliary PMs. One can see that the attractive
part of the levitation force curves in Fig. 2a disappeared
by using the auxiliary PMs. This is because the repulsive

Table 1 The maximum values of levitation force and guidance force for different vertical positions of auxiliary onboard PMs

Vertical positions of auxiliary PMs Levitation force (N) Guidance force (N)

CH = 5 mm CH = 75 mm (ZFC) CH = 5 mm CH = 15 mm

No onboard PM 20.38 90.73 −27.40 −20.60

ZPM = 5 mm 160.36 227.67 31.27 38.48

ZPM = 10 mm 141.80 210.48 12.46 19.07

ZPM = 15 mm 109.30 182.18 −1.06 6.72

ZPM = 20 mm 85.06 160.03 −10.15 −1.81

ZPM = 25 mm 68.02 131.53 −14.19 −5.50
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force between PMG and auxiliary PMs reduces the attrac-
tive force between YBCO and PMG that comes from the
flux trapping character of HTS.

Figure 3 shows the guidance force as a function of the
lateral distance between the HTS unit and the PMGs for
different ZPM positions in CH = 5 mm and CH = 15 mm
at WH = 10 mm. As known, the guidance force appears
against the lateral movement of the system and the negative
values of this force refer to the stability of the system. One
can see from Fig. 3 that in CH = 5 mm, the system is sta-
ble for no onboard PM, ZPM = 25 mm, ZPM = 20 mm and
ZPM = 15 mm, while in CH = 15 mm the system is stable
for no onboard PM, ZPM = 25 mm and ZPM = 20 mm. It
is known that the parallel magnetic dipoles repel each other
and thus a repulsive force appears; however when the super-
conductors move laterally from initial positions an attractive
force appears. The instability that appears for the closer
positions of the auxiliary PMs to the PMG can be attributed
to the suppression of attractive force by the repulsive
force.

The maximum values of levitation forces at the minimum
gap of 5 mm and the guidance forces at WH = 5 mm are
shown in Table 1. The maximum MLF values increased sig-
nificantly by using auxiliary PMs, as shown in Table 1. The
MLF increased at a rate of 234 % in CH = 5 mm and 45
% in ZFC, while the GF decreased at a rate of 48 % in CH
= 5 mm and 73 % in CH = 15 mm for ZPM = 25 mm, in
comparison to noonboard PM situation. Similarly, the MLF
increased at a rate of 317 % in CH = 5 mm and 76 % in
ZFC while the GF decreased at a rate of 63 % in CH = 5
mm and 91 % in CH = 15 mm for ZPM = 20 mm. Since
the GF is very low and the system is unstable for ZPM = 15
mm and lower vertical positions of auxiliary onboard PMs,
the optimum vertical positions of auxiliary PMs were deter-
mined as ZPM = 20 mm and the optimum lateral positions
of auxiliary PMs were investigated.

Figure 4 shows the levitation force as a function of the
vertical distance between the HTS unit and the PMGs for
different XPM positions in CH = 5 mm, CH = 20 mm,
and CH = 75 mm (ZFC). It is clear in this figure that in
CH = 5 mm and ZFC regime, the levitation force decreases
when XPM increases; namely, the auxiliary PMs move lat-
erally from initial positions. It is also seen from the figure
that the attractive part and the hysteresis of the levitation
force curves decrease by using auxiliary onboard PMs. The
decrement of levitation forces with increasing XPM can be
attributed to the fact that the force between the parallel mag-
netic dipoles decreases with an increasing distance between
the dipoles according to the inverse fourth power law [12].
The magnetic stiffness figures are shown in the inset of Fig.
4. It is seen in these insets that the magnetic stiffness values
increase by using auxiliary onboard PMs as consistent with
the levitation force values. On the other hand, the stiffness
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Fig. 4 Levitation force comparisons for different lateral positions of
auxiliary onboard PMs in a CH = 5 mm, b CH = 20 mm, and c CH
= 75 mm (ZFC). Insets show related vertical stiffness graphs

values do not change significantly with the lateral positions
of auxiliary PMs. This can be attributed that the changing
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of the auxiliary PMs’ lateral position is not big enough to
make a difference on stiffness values.

The guidance force as a function of the lateral distance
between the HTS unit and the PMGs for different XPM posi-
tions is shown in Fig. 5. One can see from this figure that the
guidance force decreases by using onboard auxiliary PMs.
On the other hand, by comparing the arrangements, it is seen
that the auxiliary PMs in an onboard unit enhance GF val-
ues, when the auxiliary PMs move away from their initial
positions. This can be understood by considering Figs. 4 and
5 together. When the auxiliary PMs move away from their
initial positions, the levitation force decreases depending on
the decrement of additional repulsive force, which comes
from onboard auxiliary PMs, as shown in Fig. 4. Similarly,
as shown in Fig. 5, the guidance force values increase with
increasing XPM because of decreasing repulsive force. The
insets in Fig. 5 show the lateral stiffness as a function of the
lateral distance for different XPM positions. It can be seen
in these insets that the lateral stiffness values decrease by

using auxiliary PMs, as consistent with the guidance force
values.

Table 2 shows the maximum levitation and guidance
force values corresponding to different lateral positions of
the auxiliary PMs. As can be seen in the table, the maxi-
mum MLF values were obtained at the lateral positions of
auxiliary PMs: XPM = 0 mm in CH = 5 mm and ZFC
while XPM = ± 2.5 mm in CH = 20 mm. For the arrange-
ments including auxiliary PMs, the maximum GF values
were obtained at XPM = ± 2.5 mm in CH = 5 mm and at
XPM = ± 5 mm in CH = 10 mm and CH = 15 mm. The
MLF increased at a rate of 277, 77, and 57 %, respectively,
in CH = 5 mm, CH = 20 mm, and ZFC by using auxiliary
PMs at the lateral positions of XPM = ± 2.5 mm. However,
the GF decreased at a rate of 54, 66, and 82 % for the same
lateral positions of auxiliary PMs in CH = 5 mm, CH = 10
mm, and CH = 15 mm, respectively. It is also seen in Table
2 that the increment rate in MLF is five times more than
the decrement rate in GF. The ratios of the percentage MLF
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Table 2 The maximum values of levitation force and guidance force for different lateral positions of auxiliary onboard PMs

Lateral positions of onboard PMs Levitation force (N) Guidance force (N) FZ percentage increment/FX per-
centage decrement

CH = 5 mm CH = 20 mm ZFC CH = 5 mm CH = 10 mm CH = 15 mm CH = 5 mm

No onboard PM 20.38 70.62 90.73 −27.40 −23.33 −20.60

XPM = mm 85.06 120.28 160.03 −10.15 −5.28 −1.81 5.04

XPM = ± 2.5 mm 76.90 124.97 142.53 −12.56 −7.89 −3.80 5.12

XPM = ± 5 mm 73.16 119.27 134.80 −11.88 −9.55 −6.45 4.57

increment to the percentage GF decrement were obtained as
5.04, 5.12, and 4.57 at XPM = 0 mm, XPM = ± 2.5 mm,
and XPM = ± 5 mm, respectively. One can see that it will be
useful to use auxiliary PMs at ZPM = 20 mm and XPM = ±
2.5 mm for increasing the loading capacity and stability of
Maglev systems.

4 Conclusions

The magnetic levitation and guidance forces between Hal-
bach PMG and cylindrical YBCO HTS were investigated
depending on the different vertical and lateral positions of
auxiliary onboard PMs. It was clearly seen in this study that
the MLF values increased significantly by using auxiliary
PMs. However, the GF values decreased due to the repul-
sive force between auxiliary PMs and Halbach PMG. We
have changed the vertical and lateral positions of auxiliary
PMs to increase MLF and to compensate the decrement in
GF. The maximum increment rate in MLF and the mini-
mum decrement rate in GF were observed as 277 and 54
%, respectively. By considering the increment in MLF and
the decrement in GF together, it is seen that the ratios of the
maximum percentage MLF increment to the minimum per-
centage GF decrement were obtained as 5.04, 5.12, and 4.57
at XPM = 0 mm, XPM = ± 2.5 mm, and XPM = ± 5 mm,
respectively. From these results, it can be concluded that
using the cylindrical YBCO with auxiliary PMs in Maglev
systems can enhance the loading capacity with a reasonable
decrement in stability. It is believed that this study can be an
effective reference for increasing the practical applications
of Maglev systems.
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