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ABSTRACT The single-axis maglev system is increasingly popular as undergraduate project kits over the
recent years. Though it is simple and instructive, the large current in the electromagnet leads to the over-
heating problem. In order to enhance the energy-saving performance as well as the controller performance,
this work compares three geometric modifications on the iron core, the upper permanent magnet and the
floating permanent magnet for the maglev system. Four target cases are defined to incorporate the geometric
modifications and are solved numerically. Moreover, the numerical solutions are carefully analyzed in
terms of the zero-power force, the controller-gain requirement and the saturation current. Consequently, two
approaches, i.e., extending the iron core and enlarging the floating magnet, can improve both the zero-power
force and the controller-gain requirement and are highly recommended for the zero-power maglev system.
On the contrary, though the upper magnet can improve the zero-power force, it significantly raises the
controller-gain requirement and accelerates the saturation of the iron core.

INDEX TERMS Zero-power maglev, electromagnetic suspension, permanent magnets, numerical
simulation.

I. INTRODUCTION
The electromagnetic suspension (EMS) technology has
become an intensive research topic for the railway trans-
portation in Germany, Japan, and China since 1960s [1].
Apart from the transportation, themaglev technology can also
contribute to frictionless bearing [2], vibration isolation for
semiconductor industry [3], levitation of metal slabs during
manufacture [4], etc.

Due to its nonlinear dynamics, open-loop instability, and
simplicity, the single-axis maglev system attracts great atten-
tion in terms of the controller design for the undergradu-
ate education [2], [4]–[6]. In 1986, Wong [5] designed an
analog maglev control system as an undergraduate project.
Specifically, the optical distance sensor was used to measure
the floating distance of the floater, whereas the current
in the electromagnet was adjusted by the analog con-
troller accordingly in order to maintain a stable floating
distance. In 1989, Oguchi and Tomigashi [2] proposed to
incorporate the digital controller for the single-axis maglev
system. Based on the digital controller, Cho et al. [3],
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Barie and Chiasson [4], Hajjaji and Ouladsine [7], Yu and
Li [8], and Hernandez-Casanas et al. [9] implemented dif-
ferent advanced control algorithms on the undergraduate
project kits, including sliding-mode control, nonlinear state-
space control, and fuzzy control. Moreover, Hurley and
Wolfle [6] optimized the geometric design of the electro-
magnet for the maglev kit with the finite element analy-
sis. Nevertheless, Lundberg et al. [10] and Yoon and Moon
[11] simplified the kit design by replacing the optical dis-
tance sensor with the hall-effect sensor to measure the dis-
tance between the magnetic floater and the electromagnet.
Recently, GOOGOLTECH R© [12] launched the commercial
undergraduate project kit, GML2001, with the ferrimagnetic
ball as the floater, as shown in Fig. 1(a).

However, the single-axis maglev system may be over-
heated due to the large current in the electromagnet [6],
which in turn influences the resistance and inductance of the
electromagnet [7] as well as the performance of the controller.
Such overheating problem also occurs in the EMS transporta-
tion system and leads to the study on the hybrid permanent-
electromagnetic suspension (PEMS) technology [1], which
incorporates the permanent magnet within the electromagnet.
Wang and Tzeng [13] attached the permanent magnets to
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the top of the iron core. Zhang et al. [14] further proposed
a new configuration to insert the permanent magnet into
the iron core and compared its zero-power performance
with the conventional EMS configuration by numerical sim-
ulation. Nevertheless, the permanent-magnetic suspension
(PMS) technology demonstrated the outstanding zero-power
performance [15].

Inspired by the undergraduate maglev kit and the PEMS
technology, there are generally three approaches to realize a
zero-power maglev system,
• Optimizing the iron core of the electromagnet to mini-
mize the magnetic reluctance [2], [6], [8], [9];

• Attaching the permanent magnet to the electromagnet
[1], [13], [14];

• Using the floating magnet and enlarging its size [3], [7],
[10], [11].

However, besides the energy-saving incentive, few atten-
tions were paid to the side-effects on the controller design
by those geometric modifications of the zero-power maglev
system. This work aims to further explore the physical mech-
anism for the zero-power maglev system from the following
three aspects:
• Zero-power force: indicating loading ability;
• Controller-gain requirement: indicating hardware
specification;

• Saturation current: indicating working range.
This work utilizes the numerical simulation by

ANSYS R© [3], [9], a commercial software, to solve for
magnetic fields and forces. Meanwhile, parametric studies
on the excitation current and the geometric parameters are
carried out to understand their respective roles in the zero-
power control.

This work is organized as follows. Sec. II elaborates the
methodologies applied in this work, including the physical
modelling and the simulation modelling. In particular, four
target cases are defined in Sec. II.A.1 for the comparison
among the core extension, the upper magnet, and the floating
magnet. In Sec. III, the solutions of the four cases are care-
fully analyzed in terms of the zero-power control. Moreover,
the transitions from Case 0 to the other three cases are respec-
tively discussed Sec. III.C. Finally, concluding remarks are
addressed in Sec. IV.

II. METHODOLOGY
A. PHYSICAL MODELLING
1) BASIC STRUCTURE
Generally, the zero-power maglev system is axial symmetric
as shown in Fig. 1(b) andmainly consists of four components,
including the coil, the iron core, the upper magnet, and the
floating magnet. The z-axis is along the centerline of the iron
core and its origin locates on the lower surface of the iron
core. Also, Fig. 1(b) labels out the geometries of each compo-
nent, as summarized in Table 1. Note that the additional load
can be attached to the floating magnet. Besides, the floating
distance, Zh, is kept as a constant in this work.

FIGURE 1. (a) A typical single-axis maglev system as the commercial
undergraduate project kit by GOOGOLTECH R© [12] and (b) the
axial-symmetric geometry of the zero-power maglev system with the
origin of the z-axis located on the lower surface of the iron core.

TABLE 1. Geometries of the single-axis maglev system.

In order to understand the respective roles of the core
extension, the upper magnet, and the floating magnet in the
zero-power control, there are three geometric variables listed
in Table 1,

• The core extension, Re, varying from 0 to 35 mm;
• The upper magnet thickness, Zu, varying from
0 to 30 mm;

• The floating magnet radius, Rf , varying from
15 to 50 mm.

Moreover, four target cases are defined in Table 2. Case 0
is regarded as the benchmark, whereas Cases 1, 2, and 3 with
modified geometries are to be compared with Case 0. Specif-
ically, Case 1 removes the core extension, Case 2 adds a large
upper magnet, and Case 3 enlarges the floating magnet.

The iron core uses the cold-rolled steel, whose character-
istic magnetization (B − H ) curve is tabulated in Table 3.
Hence, the cold-rolled steel gets magnetically saturated
around 1.90 T.
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TABLE 2. Geometric parameters of four target cases.

TABLE 3. Magnetization (B−H) curve of the cold-rolled steel.

Both the floating magnet and the upper magnet use the
neodymium magnet of Grade N35, whose relative perme-
ability is µr = 1.05 and magnetic coercivity is Hc =
−9.47× 105A/m. Moreover, the two magnets have the same
upward orientation.

The coil uses the copper and consists of tightly-packed
windings with N turns. Denote the current in the windings
as i, and the excitation current, I , can be expressed as,

I = Ni. (1)

Moreover, as a sign convention, the magnetic field in the
iron core excited by a positive excitation current has the same
upward orientation as the floating magnet.

2) ZERO-POWER LINEAR APPROXIMATION
Denote the magnetic force on the floating magnet as F , which
can be expressed as a function of the excitation current and
the floating distance [11],

F = F (I ,Zh) , (2)

where F increases as the increase of I , i.e., ∂F
/
∂I > 0, and

decreases as the increase of Zh, i.e., ∂F
/
∂Zh < 0 [6].

When I = 0A, the coil does not excite any magnetic field,
but the floating magnet still magnetizes the iron core and gets
attracted, i.e., F 6= 0. Hence, denote the non-zero magnetic
force on the floating magnet when I = 0 A as the zero-power
force, F0.
When the floating distance is fixed and the excitation

current changes by a small amount, i.e., 1Zh = 0 and 1I =
I − 0 A, the magnetic field excited by the coil is superposed
with the magnetic fields excited by magnets insides the iron
core. The zero-power linear approximation assumes that the
magnetic flux density within the iron core is much smaller
than the saturation limit, i.e., B � 1.9T. Hence, within
the linear regime, the change of the magnetic force, i.e.,

1F = F − F0, is proportional to 1I in the form of,

1F = klinear1I , (3)

where klinear is named as the linear-approximation
coefficient.

Moreover, denote the change of the magnetic flux density
in the iron core due to1I as1B. By applying the Ohm’s law
of the magnetic field, 1B can be expressed as,

1B ∝ 1I
/
Rm, (4)

where Rm is the effective magnetic reluctance for the com-
bination of the iron core and the surrounding air gap. Hence,
Cases 0, 2, and 3 share the same Rm, while Case 1 has a larger
Rm due to the smaller iron core and the increased air gap.

Furthermore, because the magnetic field can be linearly
superposed within the linear regime, 1F is proportional to
1B and can be expressed as,

1F = kB1B, (5)

where the sensitivity coefficient kB corresponds to the degree
of interaction between the floating magnet and the iron core.
Hence, Cases 0 and 2 share the same kB due to the same sizes
of the floating magnet and the iron core. Case 1 has a smaller
kB than Case 0 due to the smaller iron core, while Case 3 has
a larger kB than Case 0 due to the larger floating magnet.

By combining (3), (4), and (5), we can derive the following
relationship under the zero-power linear approximation,

klinear = 1F
/
1I ∝ kB

/
Rm. (6)

Nevertheless, Table 4 outlines the change of klinear with
respect to geometric modifications on Re, Zu, and Rf . Hence,
by referring to Table 4, Cases 0 and 2 share the same klinear .
Case 1 has a smaller klinear than Case 0, while Case 3 has a
larger klinear than Case 0.

TABLE 4. Influences on Rm, kB, and klinear by geometric modifications.

3) STABILITY ANALYSIS
At the equilibrium, the magnetic force is equal to the floating
load denoted as G, which gives,

F = G. (7)

In order to evaluate the stability of the zero-power maglev
system, denote the restoring stiffness as kstiff , which can be
expressed as,

kstiff =
dF
dZh
=
∂F
∂I

∂I
∂Zh
+
∂F
∂Zh

, (8)

where ∂F
/
∂I equals to klinear within the linear regime.

90318 VOLUME 8, 2020



Z. Zhang et al.: Numerical Study for Zero-Power Maglev System Inspired by Undergraduate Project Kits

If I is kept as a constant, i.e., ∂I
/
∂Zh = 0, the restor-

ing stiffness is negative, i.e., kstiff = ∂F
/
∂Zh < 0 [6].

In reality, there are disturbances acting on the floater, such
as wind or vibration. Assuming the disturbance drags down
the floater, i.e., 1Zh > 0, the magnetic force reduces
by

∣∣kstiff1Zh∣∣ and becomes smaller than the floating load,
i.e., F < G, which further accelerates the floater to deviate
from the equilibrium. Consequently, the equilibrium with a
negative restoring stiffness is unstable [6].

Moreover, in order to realize a stable equilibrium with
a positive resorting stiffness, the active controller [11] is
applied to adjust the current output according to the floating-
distance input, i.e., ∂I

/
∂Zh > 0. Since klinear> 0 and

∂F
/
∂Zh< 0, the stability criterion within the linear regime,

i.e., kstiff> 0, can be derived from (8),

∂I
∂Zh

> −
∂F
∂Zh

/
klinear , (9)

where ∂I
/
∂Zh represents the controller gain between the

floating-distance input and the current output. Assuming the
disturbance drags down the floater, i.e., 1Zh > 0, in order
to increase F and to reduce Zh, I should increase by at least∣∣1Zh (

∂F
/
∂Zh

)/
klinear

∣∣ so that the equilibrium becomes
stable.

Technically, the change of the current is restricted by the
hardware specifications, such as the power supply and the coil
induction. Hence, the current is difficult to be adjusted by a
large amount in a short time. Consequently, a small controller
gain is preferred for the ease of control, i.e., min

(
∂I

/
∂Zh

)
=[

−
(
∂F

/
∂Zh

) /
klinear

]
.

Furthermore, the magnitude of ∂F
/
∂Zh generally

increases as the increase of F0 [6], [11]. However, the
relationships between ∂F

/
∂Zh and geometric modifications

as well as the ratio between ∂F
/
∂Zh and klinear are not

straightforward due to the nonlinearity in the magnetic force.
Hence, in order to clarify the controller-gain requirement, i.e.,
min

(
∂I

/
∂Zh

)
, this work utilizes the numerical simulation to

solve for ∂F
/
∂Zh.

4) SATURATION APPROXIMATION
When I exceeds a certain critical value, Isat , the iron core
would get saturated as the magnetic flux density increases
over 1.9T. The saturation approximation assumes that the
iron core is saturated and its relative permeability approaches
the unity. Hence, the change of the magnetic force, i.e.,
1F = F1 − F2, is proportional to the change of the current,
i.e., 1I = I1 − I2, in the form of,

1F = ksat1I , (10)

where ksat is named as the saturation-approximation
coefficient.
It is worth noting that due to the saturation in the iron core,

ksat will be much smaller than klinear . Such a large change in
the F − I coefficients could lead to oscillation or even loss
of control for the maglev system. Hence, Isat indicates the
feasible working range of the maglev system.

B. SIMULATION MODELLING
Due to the nonlinear permeability of the iron core and the
distribution of the magnetic field in the air, it is difficult to
solve for the magnetic force analytically. Hence, the maglev
system is numerically computed by the 2D magneto-static
solver in ANSYS R©, with the following details,
• The cylindrical coordinate is applied and is axial-
symmetric about the z-axis.

• In order to minimize the near-field error, a large vacuum
space by 22Ro× 32(Zc+ Zu) is defined surrounding the
maglev system. Also, the balloon boundary condition is
applied to the boundary of the vacuum space.

• The material properties, such as the B − H curve of
the cold-rolled steel and the magnetic coercivity of the
neodymium magnet, are manually defined in the solver.

• The convergence criterion is set to be 0.01% energy
error, and the solver iteratively refines the adaptive
mesh by 30% per pass until the convergence criterion
is satisfied.

FIGURE 2. Magnetic field (magnitude of the magnetic flux density)
around the maglev system of Case 0 with I = 0 A.

Fig. 2 shows the numerical result of Case 0 with I = 0A
by the distribution of the magnetic field (magnitude of the
magnetic flux density) around the maglev system. It takes
13 passes in total to meet the convergence criterion and
the final number of mesh triangles is 6283. Moreover, the
magnetic field excited by the floating magnet magnetizes
the lower part of the iron core, and the magnetic force on the
floating magnet is solved to be F0= 9.17 N.
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III. RESULTS AND DISCUSSION
A. SOLUTION OF CASE ONE
The parametric study is conducted on Case 0 by varying the
current from I = −1.29×103A to 4.21×104A.

Fig. 3 shows the variation of the magnetic force on the
floating magnet with respect to the current. The F − I curve
has two quasi-linear portions at the two ends, and bends
around I = 9.5×103A.

FIGURE 3. Parametric study on Case 0 by varying the current, including
two asymptotic lines, the zero-power point, the saturation point and four
particular solutions.

FIGURE 4. Magnetic flux density along the centerline of the iron core for
five particular solutions of Case 0 with
I = −1290, 0, 2327, 7753, and 13179 A.

In order to understand the underlying mechanism of
the bending in Fig. 3, four particular solutions with
I= −1290, 2327, 7753, and 13179 A and the zero-power
solution are selected for further examination. Fig. 4 shows the
magnetic flux density, B, along the centerline of the iron core,
z ∈ [0, 67mm] and r = 0, for the five particular solutions of
Case 0. It is observed that the magnetic flux density increases
as the increase of the current. As mentioned in Sec. II.A.1,
the cold-rolled steel is saturated at the magnetic flux density

around 1.9 T. The I = 7753 A curve touches the saturation
line with B = 1.9 T, whereas most part of the I = 13179 A
curve exceeds the saturation line. Hence, the saturation of the
iron core occurs between I = 7753 A and I = 13179 A.
Consequently, the transition between the two quasi-linear
portions in Fig. 3 corresponds to the saturation of the iron
core.

Moreover, motivated by (3) and (10), we can derive
two first-order asymptotic lines by the least-square method,
as shown in Fig. 3. Specifically, Asymptotic Line 1,
F = 0.00726I + 9.17, corresponds to the zero-power
linear approximation, whereas Asymptotic Line 2, F =

0.00221I + 56.96, corresponds to the saturation approxima-
tion. So, the zero-power force is F0 = 9.17N, the linear-
approximation coefficient is klinear = 0.00726N/A, and the
saturation-approximation coefficient is ksat = 0.00221N/A.
Furthermore, the saturation point is defined as the inter-

section between the two asymptotic lines, which gives
(Isat ,Fsat) = (9464, 77.83). Hence, the curve bends near
the saturation point, and the slope of the curve drops from
klinear = 0.00726 N/A to ksat = 0.00221N/A by around
70%. Such a strong nonlinear effect could lead to oscilla-
tion or even loss of control for the maglev system. Hence, Isat
indicates the feasible working range of the maglev system.

Nevertheless, according to the stability analysis in
Sec. II.A.3, the maglev system is able to balance a floating
load equal to F0 with a zero current as long as the active
restoring stiffness is positive. In (9), ∂F

/
∂Zh at Z = Zh0

is estimated by the central difference method and can be
expressed as,

∂F
∂Zh

∣∣∣∣
Z=Zh0

≈
F |Zh=Zh2 − F |Zh=Zh1

21h
, (11)

where the magnetic forces at Zh1 = Zh0 − 1h and Zh2 =
Zh0 + 1h are numerically calculated and 1h = 0.1 mm is
used in this work. Consequently, the two magnetic forces,
F |Zh=14.9mm = 9.2682N and F |Zh=15.1mm = 8.9828N, lead
to ∂F

/
∂Zh

∣∣
Z=15mm = −1.43N/mm and the controller-gain

requirement, min
(
∂I

/
∂Zh

)
= 197A/mm.

TABLE 5. Parameters calculated from the F − I curves of the four cases.

B. SOLUTIONS OF FOUR CASES
Parametric studies are also conducted on Cases 1, 2, and 3
by varying the current, while the asymptotic lines for each
case are derived. Moreover, Table 5 summarizes calculated
parameters, including F0, klinear , Isat , and Fsat for the four
cases. From Table 5, we observe the following features:
• F0 decreases for Case 1 due to the smaller iron core,
whereas F0 increases significantly for Cases 2 and 3 due
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to the large upper magnet and the larger floating magnet,
respectively.

• The changes of klinear are consistent with the theo-
retical derivations in Table 4. In addition, klinear of
Cases 0 and 2 are almost equal, which is also observed
in Fig. 7 of [14] for the PEMS system.

• Isat increases for Case 1 due to the smaller iron core
and the larger effective magnetic reluctance, Rm, in (4).
Moreover, Isat decreases for both Cases 2 and 3 due to
the initial magnetization of the iron core by the floating
magnet and the upper magnet, respectively. Hence, Isat
is determined by both the core extension and the initial
magnetization.

• Fsat increases for Case 3, whereas Fsat of Cases 1 and 2
are close to that of Case 0. This phenomenon can be
explained by the observation from Fig. 4. At I = Isat ,
the magnetic fields in the iron core have similar mag-
nitudes around 1.9 T for the four cases and may differ
slightly in the distribution. Hence, Fsat is mainly deter-
mined by the floatingmagnet and the saturated iron core,
rather than the core extension or the upper magnet.

Furthermore, it is worth comparing Case 2 and Case 3.
Case 2 has a lower Isat due to the contact between the upper
magnet and the iron core, which greatly accelerates the satu-
ration of the iron core. Also, Case 2 has a lower F0 due to the
transmission loss of the magnetic flux through the iron core.
Consequently, the upper magnet enhances F0 with a higher
price of the saturation in the iron core than that of the floating
magnet.

Nevertheless, Table 6 summarizes calculated parameters
regarding the zero-power control for the four cases. As dis-
cussed in Sec. II.A.3, a small min

(
∂I

/
∂Zh

)
is preferred for

the ease of control. Hence, Case 3 outperforms the other three
cases in terms of the largest zero-power force and the smallest
controller-gain requirement, mainly due to its larger floating
magnet and the larger degree of interaction, kB.

TABLE 6. Parameters regarding zero-power control for the four cases.

C. SOLUTIONS OF TRANSITIONS
In order to confirm the discussions regarding the zero-power
control in Sec. III.B, this subsection discusses the transitions
from Case 0 to the other three cases, respectively.

1) FROM CASE 0 TO CASE 1
Table 7 summarizes calculated parameters regarding the zero-
power control when Re decreases from 35 mm to 0 mm. From
Table 7, we observe the following features:

TABLE 7. Parameters regarding zero-power control during transition from
Case 0 to Case 1.

• As discussed in Sec. III.B, both F0 and klinear increase
as the increase of Re.

• The magnitude of ∂F
/
∂Zh increases as the increase of

F0 [6], [11].
• Since the change of klinear is larger than that of ∂F

/
∂Zh,

min
(
∂I

/
∂Zh

)
decreases as the increase of Re.

Hence, the core extension enhances F0 and reduces
min

(
∂I

/
∂Zh

)
simultaneously.

TABLE 8. Parameters regarding zero-power control during transition from
Case 0 to Case 2.

2) FROM CASE 0 TO CASE 2
Table 8 summarizes calculated parameters regarding the zero-
power control when Zu increases from 0 mm to 30 mm. From
Table 8, we observe the following features:
• As discussed in Sec. III.B, F0 increases as the increase
of Zu, whereas klinear almost maintains constant.

• The magnitude of ∂F
/
∂Zh increases as the increase of

F0 [6], [11].
• Since klinear is constant and the magnitude of ∂F

/
∂Zh

increases, min
(
∂I

/
∂Zh

)
increases as the increase of Zu.

Hence, the upper magnet enhances F0 with the price of
increasing min

(
∂I

/
∂Zh

)
.

TABLE 9. Parameters regarding zero-power control during transition from
Case 0 to Case 3.

3) FROM CASE 0 TO CASE 3
Table 9 summarizes calculated parameters regarding the zero-
power control when Rf increases from 15 mm to 50 mm.
From Table 9, we observe the following features:
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• As discussed in Sec. III.B, F0 and klinear increase as
the increase of Rf . However, upper limits are observed
for F0 and klinear at around Rf = 41.25 and 32.50mm,
respectively. In fact, the two upper limits result from the
over-sized floating magnet (Rf � Zh and Rf � Rc)
whose magnetic field near the iron core approaches
a constant value so that further enlarging the floating
magnet will not enhance F0 or klinear any more.

• The magnitude of ∂F
/
∂Zh firstly increases as the

increase of F0 [6, 11], and then decreases as the fur-
ther increase of Rf . Such a decrease in the magnitude
of ∂F

/
∂Zh results from the quasi-equal magnetic field

nearby the over-sized floating magnet (Rf � Zh and
Rf � Rc).

• For the over-sized floating magnet, since klinear is
constant and the magnitude of ∂F

/
∂Zh decreases,

min
(
∂I

/
∂Zh

)
decreases as the increase of Rf .

Hence, the floating magnet enhances F0 and reduces
min

(
∂I

/
∂Zh

)
with a sufficient size (Rf � Zh & Rf � Rc).

4) SUMMARY
Tables 10 summarizes the influences on the zero-power
control by the three geometric modifications. Techni-
cally, the zero-power control prefers larger F0 and smaller
min

(
∂I

/
∂Zh

)
.

TABLE 10. Influences on zero-power control by geometric modifications.

IV. CONCLUSION
This work analyzes the zero-power maglev system by com-
paring three geometric modifications, including the core
extension, the upper permanent magnet and the floating per-
manent magnet. Four target cases are numerically solved
and analyzed. In order to enhance the zero-power force and
reduce the controller-gain requirement, the maglev system
should adopt the core extension and enlarge the floating
magnet sufficiently. On the contrary, the maglev system
should remove any permanent magnet from the electromag-
net, because the upper magnet not only greatly accelerates the
saturation of the iron core but also significantly increases the
controller-gain requirement. The concluding remarks in this
workmay also provide insights for the PEMS technology, e.g.
to insert the permanent magnet into the guide-way rather than
the iron core.
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