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Abstract
In this study, a detailed static and dynamic experimental studies were carried out in different cooling heights (CH) by using 
two different multi-surface HTS-PMG arrangements with horizontal (MS-H) and vertical (MS-V) geometries to determine 
the optimum magnetic force, static stiffness, dynamic response, and dynamic stiffness parameters of superconducting Maglev 
system. The maximum levitation force values (in CH = 25 mm) were obtained as 202 N and 84 N, respectively, with horizon-
tal and vertical geometry HTS-PMG arrangements, while the maximum guidance force values (in CH = 5 mm) were obtained 
as −58 N and −22 N, respectively. Also, the vertical static (in CH = 25 mm) and dynamic stiffness (in CH = 5 mm) values were 
determined as 33.8 N/mm and 37.8 N/mm, respectively, for MS-H and 12.3 N/mm and 25.1 N/mm, respectively, for MS-V 
arrangements. The bigger levitation force, guidance force, and both static and dynamic magnetic stiffness values of MS-H 
arrangement with horizontal geometry than that of MS-V arrangement with vertical geometry indicate that the horizontal 
HTS-PMG geometry is more suitable for practical Maglev applications in terms of loading capacity and movement stability.
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1  Introduction

High-temperature superconductors (HTS) can trap larger 
magnetic fields than conventional permanent magnets (PM) 
and also provide stable levitation and suspension [1–5]. 

Due to their unique properties as magnetic suspension and 
almost zero resistivity, HTS bulks can be utilised for the 
development of superconducting magnetic bearings [6, 7], 
motors/generators [8], and superconducting magnetic levita-
tion (SML) transportation system (Maglev) [9, 10]. At the 
present time, Maglev trains are renowned innovative tech-
nologies because they use non-contact movement above a 
magnetic rail (permanent magnetic guideway: PMG) and 
also have no wheels, axles, and transmission. Moreover, 
compared to traditional high-speed railroad vehicles, Maglev 
is more environmentally friendly due to its low-energy con-
sumption, lower noise, and higher speed of travel [11–13]. 
Up to now several superconducting Maglev vehicle proto-
types have been successfully developed. The first demon-
stration of a SML vehicle with man-loaded was made at 
Southwest Jiaotong University in China; in 2002, later some 
Maglev prototypes were developed in Brazil and Germany 
[10, 14, 15].

The electromagnetic force between a permanent mag-
net and a superconductor makes the system stable as dif-
ferent from the PM, because the magnetic flux lines are 
pinned in the HTS and this situation causes vertical sus-
pension and lateral guidance forces. In the Maglev system, 
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the levitation force is able to levitate the train to elimi-
nate mechanical friction, while the guidance force keeps 
the train on moving along the permanent magnetic rail. 
Superconducting Maglev vehicles do not need complex 
control systems due to the Meissner and pinning effects 
of the HTS bulks. SML trains arise from a superconduct-
ing part which carrying the vehicle or load and a PMG 
magnetic rail providing the magnetic force at a large 
distance. Although SML trains are well suited to urban 
transportation, the disadvantage of these systems is high 
cost of permanent magnets that should paved along long 
distances as thousands of kilometres. It was shown in a 
study on cost analysis that, if a PM (N42) would remove 
from each unit arrays, 25 × 106 fewer PMs are needed for 
1000 km length, and this case causes approximately € 750 
million saving without a significant decrement in levita-
tion force [16]. Several research groups have done some 
experimental and theoretical studies to improve the levi-
tation and guidance forces by using different HTS-PMG 
arrangements [17–22]. In addition, the optimum design 
and physics of PMG configurations [23], such as the pole 
numbers [24, 25] and the effect of the size and shape of 
both PM and HTS [26, 27], have been studied in a number 
of papers. Also, our research group has done some studies 
and progress to determine optimum parameters of Maglev 
system such as the cooling height (CH), the pole arrays of 
the PMG, and the arrangements of PMG-HTS [24, 25, 28]. 
It was reported in above studies that the loading capac-
ity and movement stability of single surface Maglev sys-
tems can be enhanced via suitable CH, pole number, and 
HTS-PMG arrangements. Although some enhancements 
have been achieved on loading capacity and stability of 
Maglev systems in above studies, additional studies are 
necessary in terms of lower fabrication cost and higher 
efficiency of Maglev systems for technological applicabil-
ity of these systems. The studies in literature have focused 
on improving the loading capacity via increasing the PM 
and/or HTS number in the single surface (that is the HTS 
and PMG units are interacted along only one axes) Maglev 
system. Basaran et al. [29] have obtained an increment in 
the magnetic levitation force (44.25%) using multi-surface 
levitation concept with three ring PMs and one HTS ring 
for flywheel superconducting bearing system by increas-
ing PM number. However, the force density in unit vol-
ume of Maglev systems can be increased by increasing 
the interaction surface number of HTS and PMG rather 
than increasing the PM number. Therefore, for increas-
ing both the loading capacity and movement stability, the 
multi-surface HTS-PMG arrangements (that is, the HTS 
and PMG units are interacted along two axes) are investi-
gated in this study by using horizontal and vertical PMG 
geometry. The multi-surface arrangements give us the 
possibility to increase the HTS number in unit volume to 

compensate the magnetic force due to decreased PM num-
ber paved along in thousands of kilometres PMG. In the 
present study, firstly, the magnetic flux density distribu-
tions of the horizontal and vertical PMGs were determined 
via numerical method using the finite element method. 
Then, a detailed static and dynamic experimental stud-
ies were performed in different cooling heights by using 
two different multi-surface HTS-PMG arrangements to 
determine the optimum magnetic force, static stiffness, 
dynamic response, and dynamic stiffness parameters of 
superconducting Maglev system.

2 � Experimental and Numerical Procedure

The magnetic field distributions of the PMGs were deter-
mined by numerical modelling (in two dimensions) via mag-
netostatic solution in COMSOL Multiphysics 3.5 by taking 
the magnetization value of each PM as 1132490 A/m, and 
the details can be found in [16].

The static and dynamic force measurements were carried 
out via the three axes magnetic levitation force measure-
ment system (TAMFS) [16, 24]. Three-seeded rectangular 
prism shaped YBaCuO superconductors with dimensions 
of 65 mm × 34 mm × 14 mm were provided by ATZ GmbH, 
Germany. The dimensions and surface magnetic flux den-
sities of PMs used in PMGs are 40 mm × 30 mm × 30 mm 
and 0.53 T, respectively. The horizontal and vertical PMG 
geometries are used in this study as schematically seen in 
Fig. 1. The abbreviations of (MS-H) and (MS-V) in Fig. 1, 
respectively, represent horizontal and vertical PMG geom-
etries in multi-surface HTS-PMG arrangements. An iron 
block of 10 mm width, as seen in Fig. 1, is placed between 
the PMs in MS-V arrangement in vertical geometry to 
overcome the physical challenge to bring two oppositely 
directed PMs together. The HTS sample chambers are 
handmade from 6013 series aluminium material, and the 
PMGs are fixed to the measurement system via aluminium 
support legs.

We have measured the vertical magnetic levitation force 
in different cooling heights (CHs: the vertical distance 
between the upper surface of the PMG and bottom surface 
of the upper HTSs) of 5 mm and 25 mm and the lateral guid-
ance force measurements in CH of 5 mm and working height 
(WH) of 10 mm. We have calculated the vertical magnetic 
stiffness values from the levitation force measurements in 
CH = 25 mm by making minor cycles on levitation force 
curves to obtain minor loops at different vertical positions 
of z = 5, 9, 13, and 17 mm. For the minor cycle at the posi-
tion of z = 17 mm, the stiffness calculation is performed as 
follows: After completely cooling of the HTSs, the vertical 
distance between the PMG and HTS units is decreased from 
75 to 17 mm, then increased to 19 mm (Δz = 2 mm), and 
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finally decreased to 13 mm for the next minor cycle. Then, 
these cycles are fitted with a linear line, and the product 
of the slopes of these linear lines by negative gives us the 
related magnetic stiffness values. The same procedure is per-
formed at the positions of z = 13 mm, 9 mm, and 5 mm for 
calculating the related magnetic stiffness values. We have 
also calculated the lateral magnetic stiffness values similar 
to the vertical magnetic stiffness by making minor loops at 
different lateral positions of x = 1, 2, and 3 mm, and detailed 
information about all measurement procedures can be found 
in our previous studies [24, 28].

The resonance frequency and dynamic stiffness param-
eters of MS-H and MS-V multi-surface HTS-PMG arrange-
ments were determined via dynamic force measurement 
system integrated to TAMFS. The dynamic measurements 
were performed in different CHs of 5  mm, 7  mm, and 
10 mm. The vertical dynamic response characteristics of 
MS-H and MS-V arrangements were determined by apply-
ing an impulse force via a hammer (PCB model-086C03) 
to r top centres of the chambers (with total mass of 4.48 kg 
and 3.45 kg, respectively) to trigger an oscillation, and then 
releasing the HTS sample chamber to levitate freely above 
the related PMGs. The free vibration data were collected via 
NI-9234 4-Channel 24-Bit vibration input module equipped 
with B&K triaxial accelerometer (model 4524-B), and the 
vibration signals were analysed via a script developed in 
MATLAB. This script is written by using transform function 
library to able to calculate frequency response function accu-
rately. To obtain the vibration behaviour of the multi-surface 
HTS-PMG system, fast Fourier transformation (FFT) was 
applied to the acceleration and force data obtained by data 
acquisition system. The sampling time was 2 s with sam-
pling time interval of 0.5 ms and frequency band 0–100 Hz 
in dynamic response measurements.

3 � Results and Discussion

Since the HTSs are located both at the top and side surfaces 
of the PMGs, the magnetic flux profiles should be deter-
mined in each sides. The vertical (Bz) and lateral (Bx) mag-
netic flux density distributions of MS-H and MS-V multi-
surface HTS-PMG arrangements obtained from 5 mm above 
the top surface of the PMGs are shown in Fig. 2. To avoid 
any complicity in thereafter physical interpretation in the 
text, the c- and a-axes (in blue colour) in Fig. 1, respectively, 
represent the crystal growth axis and perpendicular to c-axis 
of the HTS that is fabricated by top seeded melt growth 
method. The inset figures in Fig. 2 show the magnetic flux 
density distributions at 5 mm obtained from the right sur-
faces of the PMGs. Maximum vertical magnetic flux density 
(Bz) values at 5 mm from top surfaces are obtained as 0.69 T 
and 0.48 T, respectively, for MS-H and MS-V arrangements, 
while these values are obtained, respectively, as 0.44 T and 
0.58 T at 5 mm from the right surfaces. In addition, the max-
imum lateral magnetic flux density (Bx) values at 5 mm from 
top surfaces are obtained as 0.40 T and 0.38 T, respectively, 
for MS-H and MS-V arrangements, while these values are 
obtained, respectively, as 0.11 T and 0.39 T at 5 mm from 
the right surfaces.

Figure 3 shows the magnetic levitation force compari-
son of multi-surface MS-H and MS-V arrangements in 
CH = 25 mm and CH = 5 mm. The maximum levitation 
force values are obtained as 202 N and 84 N, respectively, 
for MS-H and MS-V arrangements in CH = 25 mm. On the 
other hand, in CH = 5 mm, the maximum levitation force 
values are obtained as 37 N and 18 N in addition to attractive 
force values of −82 N and −34 N, respectively, for MS-H and 
MS-V arrangements, as can be seen in Fig. 3b. The mag-
netic levitation force, Fz, can be defined as Eq. (1), where Jy 

Fig. 1   Schematic view of MS-H 
(a) and MS-V (b) multi-surface 
HTS-PMG arrangements (the 
arrows on the PMs represent the 
magnetic pole direction)
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(circulating in ab plane of the HTSs) represents the induce 
supercurrent inside the HTS in y-direction and Bx represents 
the lateral component of magnetic flux density as can be 
seen in Fig. 2.

(1)Fz = ∫
V

JyBxdV

One can see from Fig. 2 that both the Bz and Bx values of 
MS-H arrangement at the top surface of the PMG are bigger 
than that of MS-V arrangement. The induced supercurrent, 
Jy, is activated by the vertical component of the magnetic 
flux density (Bz), and bigger Bz values increase the Jy. On 
the other hand, as can be seen in Eq. (1), the levitation force 

Fig. 2   Magnetic flux density 
distributions of MS-H (a) and 
MS-V (b) multi-surface HTS-
PMG arrangements obtained 
at a distance of 5 mm from the 
top surfaces of the PMGs. Inset 
figures show the magnetic flux 
density distributions 5 mm from 
the right surfaces of PMGs
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depends on Bx, and therefore, bigger Bx and Bz values of 
MS-H arrangement produce bigger levitation force values, 
as shown in Fig. 3. Bigger repulsive and attractive force 
values of MS-H arrangements in CH = 25 mm indicate stable 
equilibrium of HTS-Maglev system in this cooling height, 
and this situation provides a movement stability in verti-
cal direction. The maximum attractive force value of MS-H 

arrangement as −82 N in CH = 5 mm (Fig. 3b) indicates the 
trapped magnetic flux inside the HTSs in this cooling height. 
The bigger trapped flux and so the bigger attractive force 
of MS-H arrangement show that the main contribution to 
the trapped flux comes from the upper HTSs in the sample 
chamber of horizontal geometry. One can see in Fig. 1 that 
the MS-H arrangement has 4 PM, while MS-V arrangement 

Fig. 3   Magnetic levitation force 
comparison of multi-surface 
MS-H and MS-V arrange-
ments in CH = 25 mm (a) and 
CH = 5 mm (b)
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has 2 PM, and thus, it can be said that even if the levitation 
force is calculated for 2 PM instead of 4 PM in horizontal 
geometry, the MS-H arrangement is seen as superior to the 
MS-V arrangement in vertical geometry.

Lateral guidance force comparison of multi-surface 
MS-H and MS-V arrangements is shown in Fig.  4 in 
CH = 5 mm and for WH = 10 mm. The maximum guidance 
force values are obtained as −58 N and −22 N, respectively, 
for MS-H and MS-V arrangements. Lateral guidance force 
can be defined as Eq. (2), where Bz represents the vertical 
component of magnetic flux density as can be seen in Fig. 2.

According to the above equation, as similar to the verti-
cal levitation force, the guidance force depends on the Jy, 
induced supercurrent circulating inside the HTSs in ab-plane 
(and so the magnetic field component, perpendicular to the 
sample surface), and vertical component of magnetic flux 
density, Bz. Thus, nearly three times bigger maximum guid-
ance force value of MS-H arrangement than that of MS-V 
can be attributed to bigger Bz value of MS-H arrangement. 
In addition, it can be said by comparing Figs. 3 and 4 that 
the difference between the maximum values in guidance 
force of MS-H and MS-V arrangements is bigger than that 
in levitation force values. This situation indicates that the 

(2)Fx = ∫
V

JyBzdV

contribution of horizontal geometry to the guidance force is 
bigger than that of vertical geometry.

Figure 5 shows the vertical magnetic stiffness curves of 
multi-surface MS-H and MS-V arrangements depending on 
vertical distances in CH = 25 mm. One can see from this 
figure that the vertical magnetic stiffness values increase 
with decreasing vertical distance due to increasing vertical 
slope of levitation force in smaller gaps as seen in Fig. 3. 
The bigger maximum vertical stiffness value of MS-H 
arrangement as 33.8 N/mm than that of MS-V arrangement 
as 12.3 N/mm indicates that the MS-H arrangement is more 
suitable for higher loadings and more resistant to external 
disturbances.

Lateral magnetic stiffness of multi-surface MS-H and 
MS-V arrangements is shown in Fig. 6 in CH = 5 mm and 
WH = 10 mm. It can be seen that the lateral magnetic stiff-
ness values increase slightly with increasing lateral distance. 
Maximum lateral stiffness values were obtained as 16.4 N/
mm and 6.2  N/mm, respectively, for MS-H and MS-V 
arrangements. One can see by comparing Figs. 5 and 6 that 
the increment rate in vertical stiffness is bigger than that in 
lateral stiffness values due to lower vertical and lateral mag-
netic flux density at the top and sides of the MS-V arrange-
ment as shown in Fig. 2b.

In addition to the static parameters such as levitation 
force, guidance force, and magnetic stiffness, the dynamic 
vibration parameters were also investigated in this study 
to determine the dynamic behaviour of Maglev systems 

Fig. 4   Lateral guidance force 
comparison of multi-surface 
MS-H and MS-V arrangements 
in CH = 5 mm and WH = 10 mm
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in different CHs. After an impulse was applied in vertical 
direction, the free cryostats oscillate in the vertical direc-
tions as described by the following equations:

(3)mz̈ + czż + kzDz = 0,

where z, cz, and kzD represent the displacement of the levi-
tated cryostat, damping coefficient, and dynamic stiffness, 
respectively, while m represents the total mass of the HTS 
chambers including HTSs. The dynamic stiffness in vertical 
direction is calculated as follows:

Fig. 5   Vertical magnetic stiff-
ness comparison of multi-sur-
face MS-H and MS-V arrange-
ments in CH = 25 mm
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Fig. 6   Lateral magnetic stiffness 
comparison of multi-surface 
MS-H and MS-V arrangements 
in CH = 5 mm
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Fig. 7   Frequency-domain 
response of MS–H (a) and 
MS-V (b) arrangements in 
different CHs, after the pulse 
force was applied to the sample 
chamber by the hammer on the 
vertical direction. Insets show 
the related time-domain accel-
eration response graphs
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where f  represents the resonance frequency.
The frequency-domain response of MS-H arrangement 

is shown in Fig. 7 in different CHs, after the pulse force 
was applied by the hammer to top centre of the chambers. 
The insets of Fig. 7 show the related acceleration responses 
depending on time. The acceleration curves in the time 
domain have damping oscillation behaviour around the equi-
librium point and decay rapidly with time. The frequency 
domain responses are obtained by applying FFT to the time 
domain responses in Fig. 7 inset. The vertical resonance 
frequencies of MS-H arrangement were determined from 
frequency response curves as 17.7 Hz, 13.0 Hz, and 12.0 Hz, 
respectively, in CH = 5 mm, 7 mm, and 10 mm. The same 
procedure was applied for MS-V arrangement, and the ver-
tical resonance frequencies were respectively obtained as 
14.0 Hz, 11.5 Hz, and 10 Hz. The vertical dynamic stiff-
ness values of MS-H and MS-V arrangements, calculated 
from Eq. (3), are given in Fig. 8. The maximum dynamic 
stiffness values were obtained in CH = 5 mm as 37.8 N/
mm and 25.1 N/mm for MS-H and MS-V arrangements, 
respectively. It is seen from this figure that the dynamic 
stiffness values increase with decreasing CH due to larger 
electromagnetic interaction density between the HTS and 
PMG in smaller vertical gaps. One can also see that the 
vertical dynamic stiffness values of MS-H arrangement are 
bigger than that of MS-V arrangement in all CHs. The big-
ger static and dynamic magnetic stiffness values of MS-H 

(4)wn =
√

k∕m k = m(2�f )2 arrangement than that of MS-V arrangement indicate that the 
horizontal HTS-PMG geometry is more suitable for practi-
cal Maglev applications. On the other hand, it is seen by 
comparing Figs. 5 and 8 that the dynamic stiffness values 
of MS-V arrangement are bigger than that of static stiffness 
values. The physical base of bigger dynamic stiffness values 
of MS-V arrangement than static stiffness can be attributed 
to much more HTS/PMG ratio (and so magnetic interac-
tion density) in MS-V arrangement (3/2) than that in MS-H 
arrangement (4/4 = 1). The magnetic stiffness can be likened 
to mechanical stiffness conceptually. When each HTS and 
PMG are considered as bonded points by mechanical spring 
due to the magnetic interaction, the interaction density in the 
vertical arrangement (similar to number of bonded points in 
mechanical spring) is bigger than the horizontal arrangement 
in small distances between the HTS and PMG units. This 
situation causes an increment in dynamic stiffness of MS-V 
arrangement in smaller CHs. Although more increment in 
dynamic stiffness of MS-V arrangement as compared to 
static stiffness is seen as a discrepancy, actually it indicates 
the different behaviour of vertical geometry as compared to 
horizontal geometry in small distances.

4 � Conclusions

In this study, firstly, the magnetic flux density distributions 
of the horizontal and vertical PMGs were determined via 
numerical method using magnetostatic solution in COM-
SOL Multiphysics 3.5. Then, a detailed static and dynamic 

Fig. 8   Vertical dynamic stiff-
ness comparison of MS-H and 
MS-V multi-surface HTS-PMG 
arrangements
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experimental studies were performed in different CHs by 
using two different multi-surface HTS-PMG arrangements 
with horizontal and vertical geometries to determine the 
optimum magnetic force, static stiffness, dynamic response, 
and dynamic stiffness parameters of superconducting 
Maglev system. The maximum levitation force values are 
obtained as 202 N and 84 N, respectively, for MS-H and 
MS-V arrangements, while the maximum guidance force 
values are obtained as −58 N and −22 N. Nearly three times 
bigger maximum guidance force value of MS-H arrange-
ment than that of MS-V can be attributed to bigger Bz value 
of MS-H arrangement. The difference between the maxi-
mum values in guidance force of MS-H and MS-V arrange-
ments is obtained bigger than that in levitation force values 
indicating that the contribution of horizontal geometry to the 
guidance force is bigger than that of vertical geometry. The 
obtained bigger maximum vertical stiffness value of MS-H 
arrangement as 33.8 N/mm than that of MS-V arrangement 
as 12.3 N/mm indicates that the MS-H arrangement is more 
suitable for higher loadings and more resistant to external 
disturbances. As a conclusion, it can be said that the bigger 
levitation force, guidance force, and both static and dynamic 
magnetic stiffness values of MS-H arrangement with hori-
zontal geometry than that of MS-V arrangement with verti-
cal geometry indicate that the horizontal HTS-PMG geom-
etry is more suitable for practical Maglev applications in 
terms of loading capacity and movement stability.
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