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Abstract: High-temperature superconducting (HTS) magnetic levitation (maglev) trains for designed
high speed need a non-contact braking method that can produce stable and sufficient braking forces
to ensure the safety of the train during emergency braking. In order to study the braking effects of
permanent magnet eddy current braking (PMECB) used in HTS maglev vehicles and its effects on the
levitation performance of HTS maglev vehicles, an equivalent two-dimensional simulation model
of PMECB for a HTS maglev test vehicle under different working air gaps of 5 mm, 10 mm, 15 mm
and 20 mm was established in Maxwell software. Then, a 6 degree of freedom dynamic model of the
vehicle was established in Universal Mechanism software. In the dynamic simulation, the normal
force of PMECB was not considered, and only the detent force of PMECB was taken as the excitation
of the vehicle. The simulation results show that PMECBs can reduce the vehicle to relatively low
speed in a few seconds. During the operation of PMECBs, the levitation height and levitation force
of the maglev Dewar will be affected, and maximum variations in levitation heights and levitation
forces occur on the Dewars at both ends of the vehicle. These help us to understand the braking and
levitation performance of HTS maglev vehicles under the action of PMECBs and enrich the design
idea of braking and levitation systems of HTS maglev vehicles equipped with PMECBs.

Keywords: permanent magnet eddy current braking; braking effect; levitation performance; detent
force

1. Introduction

Eddy current braking (ECB) technology overcomes many defects such as the low fric-
tion coefficient and insufficient heat capacity of adhesive braking. The braking force of ECB
changes smoothly in the high-speed range. Therefore, the application of ECB technology in
the fields of high-speed trains is increasing [1–4]. According to the excitation mode, ECB
can be divided into electromagnetic eddy current braking (EECB) [5,6] and permanent
magnet eddy current braking (PMECB) [7–11]. There are three typical applications of ECB
in rail vehicles [12,13]. One of them uses the electromagnet or permanent magnet installed
on the bogie frame to generate an induced eddy current on the surface of the disk on the
axle to produce a braking effect, which includes the EECB and PMECB systems. Another
one uses the electromagnet installed on the frame to generate an induced eddy current
on the track surface to produce a braking effect, which belongs to the EECB system. The
last one is based on the electromagnet or permanent magnet mounted on the bogie or
levitation frame to produce eddy currents on the metal plate surface to produce a braking
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effect, which includes EECB and PMECB systems. Compared with the EECB system, the
PMECB is seldom used in railway trains. The PMECB system is composed of a Halbach
permanent magnet array [14–17] and metal induction plates. The PMECB has the advan-
tages of small size, light weight, simple structure and no electric excitation, but its braking
force is difficult to control. Choi et al. designed the magnetization pattern of the eddy
current brake system of a permanent magnet type where the design aim is to maximize the
braking force. The analysis of brake systems is based on the two-dimensional finite element
analysis [18]. Jin et al. developed an analytical model of a permanent magnet linear eddy
current brake considering lateral edge effects. The braking force of the eddy current brake
is then calculated while taking the dynamic transverse edge effect into consideration [19].
Chen et al. designed a double-sided linear permanent magnet Halbach array that can brake
at a very high speed within a short time or a short distance [20].

HTS maglev vehicles have an advantage of inherent stability both in the lateral and
vertical directions. And there is no inherent magnetic resistance force in the forward
direction. In 2000, the first manned HTS maglev experimental vehicle “Century” was
developed in China [21]. In 2013, the group further developed an HTS maglev ring test line
with a running speed of 50 km/h [22]. In 2021, the HTS high-speed maglev engineering
prototype rolled off in Chengdu, China and its design speed was 620 km/h [23]. The HTS
maglev vehicle does not consume electricity for levitation and guidance, so it does not need
to be powered by a pantograph or a third rail, which makes it suitable for a PMECB without
electrical excitation. Currently, the study of HTS maglev vehicles is at the engineering
stage. It is of significance to study the braking effects of PMECBs used in HTS maglev
vehicles. Meanwhile, it is necessary to study the levitation, guidance and other dynamic
performances of the vehicles under the action of PMECBs. Figure 1 shows an HTS maglev
test vehicle equipped with a PMECB system. The study of this paper is based on it.
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Figure 1. An HTS maglev test vehicle equipped with PMECBs: (a) the test vehicle; (b) the PMECB
composed of Halbach permanent magnet array fixed on both sides of the vehicle; (c) the metal
induction plates.

2. The Detent Force Model

It can be seen from Figure 2a that the bogie is equipped with four sets of PMECBs,
which are installed on two sides of the bogie symmetrically. When PMECBs move relative
to the metal conductor plates, eddy currents will be induced in the plates and the vehicle
will slow down.
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Figure 2b shows an equivalent two-dimensional unilateral simulation model, which
consists of two PMECBs. In other words, the simulated detent force and normal force are
the sum of the two sets of PMECBs. The magnetization angle of the permanent magnets is
represented by a series of arrows, and the relevant parameters of the permanent magnet and
the metal induction plates are shown in Figure 2b. There are several modeling assumptions
in the model as follows:

(1) The magnetic induction intensity in the Z direction is 0.
(2) The edge effect is ignored.
(3) The frictional resistance and aerodynamic resistance are also ignored.

The relationships between the detent force, the normal force and initial speed under
the working air gaps of 5 mm, 10 mm, 15 mm, and 20 mm are studied respectively. The
results in Figure 3a–d are obtained from electromagnetic simulation results in Maxwell
software.
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It can be seen form Figure 3a–d that the normal force increases with the increase in the
running velocity of the vehicle, whose increasing trend becomes slow. At the same initial
speed, the smaller the air gap, the greater the normal force. The detent force increases
continuously with the increase in velocity under different air gaps. The detent force reaches
its maximum value around 40 m/s (144 km/h) under different air gaps. After that, it
gradually decreases with the increase in velocity. At the same initial speed, the smaller the
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air gap, the greater the detent force. Table 1 lists the maximum detent force under different
air gaps.

Table 1. The maximum detent force under different air gaps.

Air Gap (mm) 5 10 15 20

Maximum detent force (kN) 35.5 31 27.5 24.5

In addition, Figure 3a–d shows that in the low-speed range (about 0–40 m/s), the
detent force is large, and the normal force is small. When the speed increases, the normal
force is greater than the detent force. In the high-speed range (about 90–170 m/s), the
changes in detent force and normal force with speed tend to be gentle, which is conducive
to high-speed movement.

In the study of the vehicle’s levitation performance, the normal force of the PMECB
is ignored. On the one hand, the normal force is transverse (Y direction), which mainly
affects the guidance performance of the vehicle, and does not affect the vertical levitation
performance. On the other hand, in an ideal model, the normal force acts on both sides of
the vehicle, which cancels out without considering the test line and other factors. Compared
with the effects of several polynomial fittings, the sixth-order polynomial with the best
fitting effect is finally selected. The relationships between the detent force (or braking force)
and speed under different working air gaps are calculated in Equation (1).

Fdetent = a + bv + cv2 + dv3 + ev4 + sv5 + tv6 (1)

where Fdetent is the detent force of two PMECBs; v is the initial speed; a, b, c, d, e, s, t are
the coefficients. As shown in Table 2, their values vary with different working air gaps.
Although the coefficients s and t in Equation (1) and Table 2 are small, when v = 100 m/s,
110 m/s, v5 and v6 are very large, the influence of this item on the result cannot be omitted.

Table 2. Coefficient of braking force fitting curves under different working air gaps.

Air Gap (mm) a b c d e s t

5 −282.4 2342.4 −53.81 0.5436 −0.00265 5.34441 × 10−6 −1.57078 × 10−9

10 −264.82 2035.1 −45.85 0.4446 −0.00197 2.91624 × 10−6 1.92904 × 10−9

15 −216.2 1754.05 −38.67 0.3682 −0.00162 2.44635 × 10−6 1.242 × 10−9

20 −193.9 1531.10 −33.40 0.3085 −0.00126 1.32381 × 10−6 2.63298 × 10−9

3. The HTS Maglev Test Vehicle Model

Figure 4 shows the principle and layout of the HTS maglev test vehicle system. The
levitation force and the guidance force (together called the flux pinning force) are derived
from the interaction between the HTS bulks in maglev Dewars and the permanent magnet
guidance (PMG). The driving function is achieved by the long stator coil to pull the on-
board mover to realize a high-speed operation. The PMECB is used to realize a braking
function in the high-speed case and the mechanical brake is used in the low-speed case.

Li and Wang [24–26] proposed separately a levitation force model based on an expo-
nential function combining formula deriving and the experimental measurement. These
mathematical models describe the relation between the levitation force and levitation height
of the single maglev Dewar, but the Dewar here is not primarily used for engineering or as
a test vehicle Dewar. The research group to which the author belongs then obtained a new
and more accurate levitation force model through the maglev Dewar experiments. Figure 5
shows the relationship between the levitation force and the levitation height of a single
Dewar used in the based test vehicle. The mathematical model of the Dewar’s guidance
force is represented by the spring-damper module that comes with UM, which is not used
in this paper.
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After fitting the data curves in Figure 5, the following levitation force model can be
obtained:

Flev = 28254.2464e(−0.14367816132h) − 809.0644 − CpVz (2)

where Flev represents the levitation force of a single Dewar used in the test vehicle; h
represents the levitation height of the Dewar; Vz represents the vertical vibration speed
of Dewars, which is a transient variable, and the Vz of each Dewar can be retrieved from
the electromagnetic module of the UM software; Cp is defined as the damping force of the
Dewar, which is 30 N·s/m [26].

Figure 6 shows the installation location and number of Dewars. Dewars are installed
symmetrically, so only Dewar No. 1, No. 2, No. 3, and No. 4 are taken as the objects of
study. Figure 7 shows the dynamic model of the HTS maglev test vehicle. The vehicle itself
has a primary suspension because of the flux pinning force. The secondary suspension
is provided by rubber springs and air springs. The detent force Fdetent in Equation (1) is
evenly distributed to two sets of PMECBs, which is done by Fbreak. The main parameters
related to the vehicle can be seen in Table 3.
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Table 3. The main parameters related to the test vehicle.

Parameter Value Parameter Value

Length of bogie 3500 mm Number of Dewars 8
Width of bogie 2630 mm Number of PMECBs 4

Bogie frame mass 490 kg Number of air springs 2
Carbody mass 200 kg Number of rubber springs 4

Motor mass 700 kg Initial speed 60–600 km/h
Gauge 2000 mm Total weight 1.91 t

Dewar mass 33 kg Levitation gap 10~20 mm
Eddy current
Brake mass 63 kg Length of the line 165 m
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4. Results and Analysis

Figures 8–10 show the change process in the braking force (or detent force), the velocity
of the vehicle and braking distance under the action of PMECBs, which are obtained from
the simulation results in UM software.

Figure 8a–d show the change process in the braking force (or Fbreak) of a single PMECB
at different initial speeds and under different air gaps. At the initial speed of the vehicle
V0 = 144 km/h, the braking force of the single PMECB is the largest when PMECBs start
working. That is to say, the braking force of the whole vehicle (4 * Fbreak) reaches its
maximum value. The braking force then decreases until it is close to zero. At the initial
speed of the vehicle V0 > 144 km/h, the braking force of the whole vehicle will first
increase and then decrease rapidly after reaching the peak value. At the initial speed of the
vehicle V0 < 144 km/h, the braking force of the whole vehicle reaches its maximum at the
moment when the PMECBs start working, but it is not the maximum value of the vehicle
system. Thereafter, the braking force decreases until it approaches zero. These variations
are consistent with the relationship between the detent force and velocity in Figure 3a–d,
which proves the accuracy of the vehicle dynamics modeling.

Figure 9a–d shows the change process in the vehicle’s running velocity at different
initial speeds, under different air gaps. The larger the initial speed and air gap, the longer
it takes the vehicle to come to a standstill. It can be seen from the blue curves that when the
vehicle running speed is V0 > 40 m/s (144 km/h), the absolute value of this curve’s slope
(representing acceleration) increases; that is, the braking force increases. When V0 < 40 m/s
(144 km/h), the absolute value of this curve’s slope decreases gradually; that is, the braking
force becomes smaller and smaller. These variations are consistent with the relationship
between the detent force and velocity in Figure 3a–d.

Figure 10a–d shows the change process in the vehicle’s braking distance at different
initial speeds, under different air gaps. The slope of curves represents the magnitude of
the vehicle’s velocity. It can be seen from the blue curves that the slope is becoming ever
smaller, and the velocity is becoming ever slower, which is consistent with the change
process of the vehicle’s velocity in Figure 9a–d.

Table 4 shows the braking effect on the vehicle of PMECBs at the initial speed of
60 km/h and 600 km/h and under different air gaps. It can be seen from the table that
when the vehicle runs at the initial speed of 600 km/h and under the air gap of 10mm,
the maximum braking force of the whole vehicle is about 62 k N, the braking time of the
vehicle is about 8 s, and the braking distance of the vehicle is about 580 m. The braking
effect of the PMECB is obvious.
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Figure 9. The change process of the vehicle’s velocity at initial speeds of V0 = 60 km/h, 144 km/h,
300 km/h, 400 km/h and 600 km/h under different air gaps: (a) under 5 mm air gap, (b) under
10 mm air gap, (c) under 15 mm air gap, (d) under 20 mm air gap.
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Figure 10. The change process in the braking distance at initial speeds of V0 = 60 km/h, 144 km/h,
300 km/h, 400 km/h and 600 km/h under different air gaps: (a) under 5 mm air gap, (b) under
10 mm air gap, (c) under 15 mm air gap, (d) under 20 mm air gap.

Table 4. Braking effects under different air gaps.

Air Gap (mm) 5 10 15 20

Velocity (km/h) 60 600 60 600 60 600 60 600

Braking time (s) 1.5 7 1.0 8 2.0 9.5 3.0 11

Braking distance (m) 8 530 9 580 10 730 10 885
Maximum braking force of the whole vehicle (kN) 52 71 46 62 40 55 35 49

Figure 11a,c shows the change process in the levitation heights of Dewars when V0 is
60 km/h and 600 km/h under the braking air gap of 10 mm, respectively. It can be seen
from these two figures that when the PMECBs are not working, the stable levitation heights
of all Dewars are about 15.3 mm.

Figure 11b,d shows the change process in the levitation forces of the Dewar when V0
is 60 km/h and 600 km/h under the braking air gap of 10 mm, respectively. It can be seen
from these two figures that when the PMECBs are not running, the stable levitation forces
of all Dewars are about 2340 N.

When V0 exceeds 144 km/h, the braking forces of the PMECB have the same peak
value. In this case, the impact on the suspension system is roughly the same. In order not
to make the content redundant, this part only gives the above two working conditions
(V = 60 km/h, 600 km/h).
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Figure 11. Effect of the detent force on the levitation performance of the vehicle: (a) change process
of levitation heights of Dewar No. 1, No. 2, No. 3 and No. 4 at V0 = 60 km/h under 10 mm air gap,
(b) change process of levitation forces of Dewar No. 1, No. 2, No. 3 and No. 4 at V0 = 60 km/h under
10 mm air gap, (c) change process of levitation heights of Dewar No. 1, No. 2, No. 3 and No. 4 at
V0 = 600 km/h under 10 mm air gap, (d) change process of levitation forces of Dewar No. 1, No. 2,
No. 3 and No. 4 at V0 = 600 km/h under 10 mm air gap.

In detail, Figure 11a shows that under the V0 = 60 km/h and 10 mm air gap, the
actual minimum levitation heights of Dewar No. 1 and No. 2 are about 14.3 mm and
14.8 mm, respectively, and the corresponding levitation forces are about 2880 N and 2650 N
(shown in Figure 11b), respectively. Compared with the stable state, the levitation heights
of Dewar No. 1 and No. 2 decrease by about 1.0 mm and 0.5 mm, respectively, and the
corresponding levitation forces increase by about 540 N and 310 N, respectively. While the
actual maximum levitation heights of Dewar No. 4 and No. 3 increase by about 1.0 mm
and 0.5 mm, respectively, and the corresponding levitation forces decrease by about 530 N
and 330 N, respectively. The relevant data above are listed in Table 5.

Table 5. Variation in the levitation heights and levitation forces of Dewar under V0 = 60 km/h and 10
mm air gap.

Maglev Dewars No. 1 No. 2 No. 3 No. 4

Stable levitation height (mm) 15.3 15.3 15.3 15.3
Stable levitation force (N) 2340 2340 2340 2340

Actual minimum levitation height (mm) 14.3 14.8 15.8 16.3
Actual minimum levitation force (N) 2880 2650 2030 1820

Levitation height change (mm) −1.0 −0.5 +1.0 +0.5
Levitation force change (N) +540 +310 −310 −520
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Figure 11c shows that under V0 = 600 km/h and the 10 mm air gap, the actual
minimum levitation heights of Dewar No. 1 and No. 2 are about 13.8 mm and 14.5 mm,
respectively, and the corresponding levitation forces are about 3080 N and 2750 N (shown
in Figure 11d), respectively. Compared with the stable state, the levitation heights of Dewar
No. 1 and No. 2 decrease by about 1.5 mm and 0.8 mm, respectively, and the corresponding
levitation forces of Dewar No. 1 and No. 2 increase by about 740 N and 590 N, respectively.
While the actual maximum levitation heights of Dewar No. 4 and No. 3 increase by about
1.5 mm and 0.8 mm, respectively, and the corresponding levitation forces of Dewar No. 4
and No. 3 decrease by about 740 N and 590 N, respectively. The relevant data above are
listed in Table 6.

Table 6. Variation in the levitation heights and levitation forces of Dewar under V0 = 600 km/h and
10 mm air gap.

Maglev Dewars No. 1 No. 2 No. 3 No. 4

Stable levitation height (mm) 15.3 15.3 15.3 15.3
Stable levitation force (N) 2340 2340 2340 2340

Actual minimum levitation height (mm) 13.8 14.5 16.1 16.8
Actual minimum levitation force (N) 3080 2750 1880 1640

Levitation height change (mm) −1.5 −0.8 +0.8 +1.5
Levitation force change (N) +740 +590 −540 −700

The analysis shows that the detent forces of the PMECBs may not be on the same
level as the system centroid. Under the action of the PMECBs, the bogie has a nodding
motion, and the nodding angle (β) is shown in Figure 12. As a result, the levitation heights
of Dewar No. 1 and No. 2 decreased, while the levitation heights of Dewar No. 3 and No. 4
increased.
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Figure 12. Schematic of the nodding motion of the HTS maglev test vehicle.

Figure 13 shows the change in the nodding angle of the bogie at different initial speeds
and under 10 mm air gaps. Other working conditions under different air gaps will not be
repeated here. It can be seen from this figure that at 600 km/h, 400 km/h, 300 km/h and
144 km/h, the nodding angle (β) of the bogie reaches the maximum value. It is because
when V0 is 144 km/h, the detent force (or braking force) reaches the maximum value
(shown in Figure 3). The maximum nodding angle is about 0.0630. Combined with the
dimensional data in Figure 6, through Equation 3, it can be calculated that the levitation
height (∆h1) of Dewar No. 1 reduced by 1.594 mm, and through Equation (4), it can be
calculated that the levitation height (∆h2) of Dewar No. 2 reduced by 0.957 mm. These
calculated results are basically consistent with the results in Table 6.

∆h1 = 1450 × tan β (3)

∆h2 = 870 × tan β (4)
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5. Conclusions

In this paper, the mathematical models of the detent forces of PMECBs installed on
an HTS maglev test vehicle are fitted, and on this basis, their effects on the braking and
levitation performance of the vehicle are studied.

The results of the simulation show that the detent forces of PMECBs reach their
maximum value around 40 m/s (144 km/h) under different air gaps. Under the 10mm air
gap, the detent force of the two sets of PMECBs on one side reaches a maximum value of
31 KN (shown in Figure 3d and Table 1).

The braking effects of PMECBs used in the test vehicle are remarkable. Under the
10 mm air gap and V0 = 600 km/h, the maximum braking force of the single PMECB is
about 15.5 kN (shown in Figure 8b); the braking time of the vehicle is about 8 s (shown in
Figure 9b); the braking distance of the vehicle is about 580 m.

The results also show that the stable levitation heights and levitation forces of all
Dewars are about 15.3 mm and 2340 N, respectively. Under the 10 mm air gap and
V0 = 600 km/h, the maximum nodding angle produced by the bogie is about 0.0630. Then
the changes in levitation heights of Dewar No. 1, No. 2, No. 3 and No. 4 are about −1.5 mm,
−0.8 mm, +0.8 mm and +1.5 mm, respectively. The corresponding changes in levitation
forces are about +740 N, +590 N, −540 N and −700 N, respectively. It can be considered
that the PMECBs will affect the levitation heights and forces of the maglev Dewars. The
levitation heights and forces of the Dewars at both ends of the bogie change most obviously.
In fact, a significant reduction in levitation height can happen when the vehicle stable
levitation height is low, and the braking force is very large.

Because the normal force of the PMECB will not cancel out when it is working, the
normal force exists in actual operation all the time. In the future, the levitation and guidance
of the HTS maglev test vehicle under the combined actions of the detent force and the
normal force of the PMECB will be further studied.
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