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Abstract—In this paper, a magnetic-geared motor with an inte-
grated bearingless high-speed rotor is proposed. Active two-axis
suspension forces are provided to the suspended high-speed rotor
by three-phase suspension windings. The principles of magnetic
suspension and torque generation are presented. In addition, the
suspension characteristics are evaluated in 3-D finite element anal-
ysis. A test machine was built, and both magnetic suspension and ro-
tation were verified. As a result, the principle of a magnetic-geared
motor with a magnetically suspended bearingless high-speed rotor
has been confirmed for the first time.

Index Terms—Bearingless motor, finite element method,
magnetic gear, magnetic suspension, magnetic-geared motor.

I. INTRODUCTION

THE combination of an electric motor and a mechanical
gearbox is widely used. However, mechanical gearboxes

transmit torque based on gear engagement. Thus, there are
drawbacks, such as friction loss, tooth wear, and requirements
of lubrication and periodic maintenance. In addition, the gear
may be destroyed when overload is applied.

To solve these problems, magnetic-geared motors have been
proposed by Chau et al. [1]. The magnetic-geared motor
achieved almost identical torque density as that of a mechanical-
geared motor [2], but without the friction losses at the gear teeth
[3], [4], [5]. Subsequently, the magnetic-geared motors have a
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potential to achieve high torque density as that of mechanical-
geared motors, as shown in [5].

Meanwhile, the magnetic-geared motors of previous studies
have mainly focused on the low-speed operation and high-torque
density, such as 1500 r/min and 130 r/min on high-speed and
low-speed rotors, respectively [4], and 575 r/min and 230 r/min
on high-speed and low-speed rotors, respectively [6]. Mean-
while, some magnetic-geared motors have high-speed rotation.
For example, the high-speed rotor reaches 14 000 r/min for
automotive traction at an output of 100 kW [5]. In addition, it can
reach up to 22 644 r/min at an output of 329.4 W for industrial
motors [7]. In [7], it is shown that the mechanical bearing loss is
as high as 20% of the total losses at high-speed rotation. Thus,
the mechanical bearing loss of the high-speed rotor imposes a
significant problem at high-rotational speed. In [8], a magnet-
ically suspended magnetic gear has been proposed, although
there was no active torque-generating function. Additionally, in
terms of durability, the limited lifetime of mechanical bearings
in the high-speed rotor is a problem.

To improve durability and decrease mechanical bearing loss,
bearingless motors that eliminate mechanical bearings have been
proposed for high-torque operation. In [9], a compact 26-pole
and 24-slot bearingless motor for 1500 r/min rated speed has
been reported. In [10], an eight-pole twelve-slot bearingless
motor has been described. In [11], flux-switching bearingless
motor for 1000 r/min. In [12], a multi-consequent-pole bear-
ingless motor has been analyzed. In [13], a 20-pole 24-slot
consequent-pole bearingless motor with parallel motor winding
has been implemented for mixing applications. In [14], large
scale bearingless motor is reported for 2000 r/min with the stator
outer diameter and the stack length of 500 mm and 20 mm,
respectively. However, the bearingless motors have limited ap-
plications since the rotor is suspended magnetically without
mechanical contact. Thus, it is sensitive to changes in the rotor
dynamics. Hence, bearingless motors are mainly implemented
to applications with lightweight and short-shafted impellers or
fan blades.

In this paper, a novel magnetic-geared motor integrated with a
high-speed bearingless motor is proposed to eliminate the need
for mechanical bearings in the high-speed rotor. In this topology,
the structure of the magnetic-geared motor can be simplified.
Furthermore, the durability and the efficiency problem of the
mechanical high-speed rotor bearing is solved. In addition,
this structure can transmit torque without mechanical contacts.
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Fig. 1. Topology of a magnetic-geared motor of two different principles.
(a) PM-type. (b) Reluctance type.

Moreover, the proposed motor has the possibility to enhance the
torque density with the integrated magnetic gear compared to
traditional bearingless motors. The concepts have been reported
by the authors previously [15], [16], [17], [18]. In the proposed
machine, only the radial positions of the magnetically suspended
high-speed rotor is actively controlled with a compact structure.
Thus, the proposed machine has a flat disc-type structure for
passive magnetic suspension of the axial and the tilting di-
rections. The stator has a three-phase suspension winding to
regulate radial positions. The proposed machine has a two-pole
magnetically suspended high-speed rotor to increase the gear
ratio. Furthermore, the low-pole number of the rotor reduces the
frequency of the inverter output, and the iron loss.

This transaction paper is based on the conference paper
presented at the International Power Electronics Conference
(IPEC-Himeji 2022 - ECCE Asia) in Himeji, 2022 [17]. In [17],
a novel reluctance-type magnetic-geared motor integrated with a
high-speed bearingless motor was introduced. As a result of the
three-dimensional finite element method (3D-FEM) analysis, a
suitable structure was found to generate stable radial suspension
force. In this transaction paper, the new Section V has been
added based on the comments provided at the presentation. A test
machine was constructed, and stable magnetic suspension and
rotation have been successfully achieved. Thus, the principle of
the proposed reluctance-type magnetic-geared motor integrated
with a high-speed bearingless motor has been confirmed by
experiments.

II. INTEGRATION WITH HIGH-SPEED BEARINGLESS MOTOR

AND MAGNETIC-GEARED MOTOR

Recently, many magnetic-geared motor papers have been
proposed. These papers propose various magnetic-geared motor
topologies. In view of the number of parts with permanent
magnets (PMs), the magnetic-geared motor topologies can be
divided into two: PM type, with PMs in two parts [1], [3], [4],
[5], and reluctance type, with PMs in one part [6]. Fig. 1 shows
the cross-sectional view of each topology. In the reluctance type,
the torque density is significantly reduced compared to the PM
type [19], [20], [21]. However, the magnet resistance is reduced
due to the decrease of PMs in the flux path of the winding flux. In
magnetic-geared motors, the motor current density is relatively
small compared to the other PM motors [3]. Nevertheless, the

TABLE I
TORQUE DENSITY COMPARISON OF THE TWO-AXIS ACTIVELY CONTROLLED

BEARINGLESS MOTORS

requirement for suspension current is significant compared to the
motor current. In consequence, the slot space of the proposed
motor is reduced to a reasonable size by selecting the reluctance
type. Additionally, the characteristics of the magnetic-geared
motor integrated with a bearingless motor have not been ex-
perimentally validated. The PMs with high pole-number have a
risk of generating disturbances due to mechanical and magnetic
misalignment. By contrast, the reluctance-type magnetic-geared
motors have a simple structure. Therefore, the reluctance-type
magnetic-geared motor is suitable for initial characteristics val-
idation. Compared to the Vernier motors, the flux per current
of the proposed motor is less due to the existence of two
air gaps. Meanwhile, the power factor is increased since the
motor winding pole-number is identical as that of the rotor PM
pole-number [22].

In magnetic-geared motors, the torque density is a crucial
factor. The torque density of an early magnetic-geared motor in
[3] was above 60 kNm/m3. In contrast, the bearingless motors
tend to have rather low-torque density because torque generation
and magnetic suspension generation are integrated. In addition,
bearingless motors with two or less actively controlled axes have
low torque densities [23]. For example, in two-axis actively con-
trolled bearingless motors, the rotor must have a flat disc-shape
to increase the passive magnetic suspension characteristics;
these are tilting and axial movements. The passive magnetic
suspension is realized by significant fringing fluxes. As a result,
the air gap flux density is decreased. Thus, torque density is
also decreased. Table I shows the comparison of the two-axis
actively controlled bearingless motors in the literature and this
article. According to Table I, the torque densities are less than
4 kNm/m3. In the bearingless motors with large diameter, the
torque density is relatively high. Meanwhile, it is challenging to
achieve high torque density in a motor having a smaller diameter
such as the proposed motor. Therefore, the utilization of the
magnetic-geared motor with bearingless motor is effective.

III. OPERATION PRINCIPLE

A. Proposed Structure

Fig. 2 shows a cross-sectional view of the proposed magnetic-
geared motor integrated with a high-speed bearingless motor.
It consists of three parts: a bearingless high-speed rotor, a
low-speed rotor, and a stator core with windings. The high-speed
rotor consists of a permanent magnet (PM) featuring ph pole
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Fig. 2. Cross-sectional view of the proposed motor.

pairs. Radial forces are known to be generated by the inter-
action of p and p± 1 pole-pairs magnetic flux. In this motor,
the magnetic-suspended rotor is the high-speed rotor with ph
pole-pairs. Thus, the three-phase suspension winding creates
ph ± 1 pole-pairs in addition to the three-phase torque winding
that creates ph pole-pairs. These windings are both installed in
the ns slots to generate torque and suspension force simultane-
ously. The low-speed rotor is composed of nl salient poles of
laminated silicon steel blocks. The low-speed rotor is supported
by mechanical bearings. The low-speed rotor generates torque
through its interaction with the high-speed rotor and the stator.

In this paper, the pole-pair combination of the high-speed
rotor PM, the low-speed rotor salient poles, the stator teeth,
and the suspension winding are chosen as ph = 1, nl = 26,
ns = 24, and 2 respectively. The reason for choosing the pole
combinations is explained in Section III-B and C.

B. Operational Principle of Reluctance
Magnetic-Geared Motor

In a magnetic-geared motor without PMs in the stator [6],
[15], [16], [17], [18], [25], the low-speed rotor and the stator
teeth cause the modulation of the magnetic flux. Let us define
the stator angular coordinate θs. The mean and amplitude of the
stator permeance are given by Ps0 and Ps1, respectively. Then,
the permeance distribution Ps(θs) is expressed as

Ps (θs) = Ps0 + Ps1 cos (nsθs) . (1)

Let us assume the mean and amplitude of the low-speed rotor
permeance distribution are given by Pl0 and Pl1, respectively.
The angular velocity of the low-speed rotor is assumed as ωl,
and the deviation angle between the x-axis and the center of the
low-speed rotor iron piece is δl at t = 0. Consequently, the
permeance Pl(θs, t) of the low-speed rotor is expressed as

Pl (θs, t) = Pl0 + Pl1cos [nl (θs − ωlt− δl)] . (2)

Let us assume that the magnetomotive force amplitude of the
PMs of the high-speed rotor is Fh1. Additionally, the angular
velocity of the high-speed rotor is ωh, and the deviation angle
between the x-axis and the magnetization direction of the high-
speed rotor PM is δh at t = 0. Consequently, the magnetomotive

force Fh(θs, t) of the high-speed rotor is expressed as

Fh (θs, t) = Fh1cos [ph (θs − ωht− δh)] . (3)

From (1) and (3), the flux-density distribution Bsh(θs, t) of
the outer air gap, located between the low-speed rotor and the
stator, is obtained as

Bsh (θs, t)

= Ps (θs)Fh (θs, t)

= {Ps0 + Ps1cos (nsθs)} Fh1cos [ph (θs − ωht− δh)]

= Fh1 Ps0 cos [ph (θs − ωht− δh)]

+
Fh1Ps1

2
cos [(ns + ph) θs − phωht− phδh]

+
Fh1Ps1

2
cos [(ns − ph) θs + phωht+ phδh] . (4)

From (2) and (3), the flux-density distribution Blh(θs, t) in the
same air gap can be also obtained as

Blh (θs, t)

= Pl (θs, t)Fh (θs, t)

= {Pl0+Pl1cos [nl (θs−ωlt−δl)]} Fh1cos [ph (θs−ωht−δh)]

= Fh1 Pl0 cos [ph (θs − ωht− δh)]

+
Fh1Pl1

2
cos [(nl+ph) θs−(phωh+nlωl) t−(phδh+nlδl)]

+
Fh1Pl1

2
cos [(nl−ph) θs+(phωh−nlωl) t+(phδh−nlδl)] .

(5)

Note that both (4) and (5) are flux-density distributions at the
same air gap. Hence, the coefficients of θs at the second or third
term in (4) must be identical to the second or third term in (5).
Thus, the following relation must be satisfied

|ns ± ph| = |nl ± ph| . (6)

Equation (6) contains eight states. However, half of these states
can be neglected to satisfy ns �= nl and ns > 0, nl > 0. Thus,
(6) can be expressed as,⎧⎪⎪⎨

⎪⎪⎩
ns + ph = nl − ph
ns − ph = nl + ph
−ns + ph = nl − ph
−ns − ph = nl + ph

. (7)

Equation (7) can simplified as,

|nl ± ns| = 2ph. (8)

Moreover, to transmit torque between high-speed and low-
speed rotors continuously, the coefficients of t at the second or
third term in (4) must be identical to the second or third term in
(5). Thus, the following relation must be satisfied

2ph ωh = ±nl ωl. (9)

From (9), the gear ratio Gr is given as

Gr =
ωh

ωl
= ± nl

2ph
. (10)
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Fig. 3. Principle of radial-force generation.

According to (10), the gear ratio is proportional to nl and
inversely proportional to ph. Thus, the small ph and large nl

model is suitable to achieve a high gear ratio. Therefore, the
condition of (8) in the proposed machine is chosen as

nl − ns = 2ph. (11)

To increase the gear ratio, the number of the high-speed
rotor PM is chosen as one. In addition, to avoid the generation
of the unnecessary harmonics by the motor and suspension
winding, the stator slot number is chosen as 6n. Additionally,
the maximum stator teeth number is limited since the stator teeth
width is also limited. Thus, the pole combination is chosen as
ph = 1, nl = 26, ns = 24.

In addition, this leads to a gear ratioGr of 13 in this prototype.
The output torque of the low-speed rotor is 13 times of the high-
speed rotor torque.

Let us assume that the torque of the high-speed rotor and
low-speed rotor are Th and Tl, respectively. The maximum
transmission torque of the high-speed rotor isThmax. Thus, each
rotor torque with ωh = Gr ωl condition is expressed as,{

Th = Thmax sin (−nlδl + 2phδh)
Tl = Thmax Grsin (nlδl − 2phδh)

. (12)

The torques depend onnlδl − 2phδh. This parameter behaves
as the load angle in a synchronous motor. Hence, let nlδl −
2phδh be defined as the magnetic gear load angle δg . Thus, (12)
can be expressed as,{

Th = −Thmaxsin (2δg)
Tl = Thmax Grsin (2δg)

. (13)

C. Principle of Magnetic Suspension

In the proposed motor, the high-speed rotor is magnetically
suspended by the principle of the two-axis actively position
regulated surface-mounted permanent magnet bearingless motor
[10], [14], [26], [27], [28], [29], [30]. In this kind of magnetic
suspension, only the x- and y-axis positions of the rotor are reg-
ulated by the ph±1 pole-pair suspension winding. Meanwhile,
the other degrees of freedom, which are the z-axis, the tilting
θx, and θy, are passively stabilized using the reluctance forces
generated by the PMs.

Fig. 4. Principle of passive magnetic suspension force generation in the axial
direction.

Fig. 5. Principle of passive magnetic suspension force generation in the tilting
direction.

Fig. 3 shows the principle of suspension-force generation in
the proposed motor. Let us suppose that the rotor is centered with
zero suspension current and that the flux-density distribution
of the air gap is symmetrical. Thus, the amplitude of the air-
gap flux density is identical at points 1 and 2. In this case, the
attraction forces cancel each other, and the overall radial force
on the rotor is zero. When a three-phase suspension current is
applied in the suspension winding as shown in Fig. 3, the radial
force is generated in positive y-axis direction, because the air-
gap flux density is increased and decreased at points 1 and 2,
respectively. For suspension current in the opposite direction as
shown in Fig. 3, a negative y-axis force is generated. The x-axis
force is generated by providing current in the four-pole winding
perpendicular to the one shown in Fig. 3. In this case, the radial
force is basically proportional to the suspension current. With the
feedback of the rotor radial position, the radial force is controlled
for stable non-contact magnetic suspension.

As previously mentioned, the interaction between p and p± 1
pole-pair magnetic flux generates radial forces. From (4) and (5),
the proposed motor topology generates magnetic flux harmon-
ics, specifically ns ± ph and nl ± ph. Thus, these harmonics
must avoid the ph ± 1 order to prevent interaction. Furthermore,
to prevent radial force generation with no suspension current in
the centered position, a symmetry factor xs is important for
selecting the pole combination previously presented by a part of
the authors [31]

xs = gcd (2ph, ns) = gcd (2ph, nl) = 2. (14)

If xs > 1, the magnetic gear does not produce radial force in
the centered position. Hence, the proposed motor can achieve
magnetic suspension without suspension current when the rotor
is centered theoretically. In this paper, the pole combination is
chosen based on (14).

To achieve stable magnetic suspension, the error angle of the
radial active force must be as small as possible. Let us assume
that the reference suspension force is F ∗ = [F ∗

x F ∗
y ]

T
and

the actual suspension force generated by applying the suspen-
sion current is F = [Fx Fy ]

T
. The error angle θerr can be
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TABLE II
SPECIFICATIONS OF THE ANALYZED MODEL

TABLE III
PARAMETERS OF THE PROTOTYPE MACHINE

expressed as

θerr = tan−1

(
Fy

Fx

)
− tan−1

(
F ∗
y

F ∗
x

)
. (15)

Figs. 4 and 5 show the principle of passive magnetic suspen-
sion force generation in axial and tilting directions, respectively.
When the rotor is displaced in the axial direction, a restoring
force fz is generated due to the fringing magnetic flux on the
edge of the rotor PM. Similarly, when the rotor is displaced in
tilting direction, a restoring torque τθy is generated. To improve
the stiffness in the tilting direction, the rotor axial length should
be thin, and the rotor diameter should be large. Therefore, in the
two-axis actively controlled bearingless motor, the stack length
is typically disc-type to stabilize the rotor passively.

IV. 3D-FEM ANALYSIS RESULT

A. Analysis Settings

To investigate the influence of stator yoke thickness on the
magnetic suspension performance, a 3D-FEM transient mag-
netic field analysis (using JMAG-Designer 20.2, JSOL corp.)
was conducted under the specification shown in Table III. Fig. 6
shows the flux and the mesh condition. In this model, the stack
length is thin to enhance the passive suspension characteristics.
As a result, the edge effect and fringing flux effect are not neg-
ligible [18] as shown in Fig. 6(a). Thus, a 3D-FEM is necessary

Fig. 6. Flux-density distribution of the 140 mm outer diameter model. (a) Flux
leakage distribution in x-z cross-section. (b) Mesh view around the air gaps.

Fig. 7. Winding arrangement of the analyzed model.

for this model. The analyses are conducted by dividing one
revolution into 90 segments, because the torque and radial force
ripple are small [17]. Most of the analyses except for the unbal-
anced magnetic pull force analysis are conducted at the centered
position. When switched off, the rotor is generally touched-down
to the radial position determined by the touchdown clearance.
In order to start the magnetic suspension, the FEM analysis was
carried out to check if the magnetic suspension can be possible
at the limited starting current. The FEM mesh is automatically
generated considering the rotor radial displacement.

The windings of the model employed the toroidal winding to
reduce the end winding. In two-axis actively controlled bear-
ingless motor, the end winding length must be short since a flat
disc-type rotor is required for passive stabilization [32], [33],
[34]. The conductors located at the inside of the stator yoke
are effective in generating magnetomotive force. Meanwhile,
the conductors located at the outside of the stator yoke are not
effective in generating magnetomotive force.

The numbers of strand in the suspension and motor windings
are both five. Fig. 7 shows the winding arrangement of the
proposed motor. The number indicates the slot numbers cor-
responding to those Fig. 2. Every slot has a motor conductor
and a suspension conductor. The number of the conductors in
the slots is evenly distributed.
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Fig. 8. Air-gap flux-density distributions in the radial direction. (a) Inner air
gap: Between high-speed rotor and low-speed rotor. (b) Outer air gap: Between
low-speed rotor and stator.

In this machine, the two-axis position is actively regulated.
Thus, the diameter of the suspended high-speed rotor D is set
as 70 mm and the stack length L is set as 10 mm to stabilize the
rotor passively. Hence, the aspect ratio D/L = 7.

The 0-degree rotational angle of the high-speed rotor θh in
this paper is defined as the position where the y-axis aligns with
the magnetization direction of the PM.

B. Air-Gap Flux-Density Distribution

The flux-density distribution in the two air gaps was analyzed.
As described in Section III-B, the spatial harmonics of the flux
density verify flux modulation of the magnetic gear. Also, as
described in Section III-C, the flux density must be asymmetrical
when suspension current is applied.

Fig. 8 shows the radial flux-density distributions in the two
air gaps. The black solid line and the red dashed line show the
flux densities at the suspension currents isy of 0 A and 20 A,
respectively. Fig. 8(a) shows the inner air-gap flux density Bri

between the high-speed and low-speed rotors. When isy is 20 A,
the flux density Bri is increased around θs = 90◦ although it is
reduced around θs = 270◦. This unbalanced air-gap flux density
generates radial suspension force in the θs = 90◦ direction.
Fig. 8(b) shows the outer air-gap flux density Bro between the
low-speed rotor and stator. There is an increase and decrease
in the flux density at θs = 90◦ and θs = 270◦ as in case of
Fig. 8(a). This result shows that the radial force is generated in
the low-speed rotor when the suspension force is generated in
the high-speed rotor. The radial force in the low- speed rotor is
supported by the ball bearings.

Fig. 9 shows the magnitudes of the spatial harmonic com-
ponents of the flux density Bro in the outer air gap. The 2nd

component, corresponding to ph + 1 in Section III-C, is created
by the suspension current. Also, harmonic fluxes are generated
such as 23rd, 25th, and 27th. These components are generated by
the modulation due to the stator teeth and the low-speed rotor as
shown in (4) and (5).

Fig. 9. Magnitudes of flux density in spatial harmonic components between
the low-speed rotor and stator.

Fig. 10. Torque waveform in different conditions with and without q-axis
current imq . (a) Synchronous rotation with respect to the rotational angular
position of the high-speed rotor (HSR) θh. (b) Low-speed rotor is fixed and the
deviation angle of the high-speed rotor (HSR) δh is changed.

Fig. 10 shows the torque waveform with and without q-axis
current imq . According to Fig. 10, the q-axis current imq affects
only the high-speed rotor torque. Fig. 10(a) shows the torque un-
der δg = π/2 and synchronous ωh = Gr ωl conditions, which
produces the maximum torque of the low-speed rotor continu-
ously. From this figure, the torque ripple is small, less than 1% for
all waveforms, and (13) condition is verified. Additionally, when
imq is applied, counter-torque is compensated and this model
acts as a geared motor. Fig. 10(b) shows the torque under δl = 0
and δh is changed from 0 to 2π, which means that the low-speed
rotor is locked and only the high-speed rotor is rotated. This
waveform validates (12). Note that the low-speed rotor salient
poles number nl is an even number, thus that waveform is the
second-order sinusoidal wave.

C. Stator Back Yoke and Suspension Force

To compare the suspension characteristics, analyses with
different yoke thicknesses are conducted. In this model, the
pole number of the magnetic suspension flux is significantly
lower than the number of the low-speed rotor pole pieces. Thus,
the suspension characteristics are not dependent on the δl and
δh. Hence, these analyses are conducted in δg = 0 condition.
Figs. 11 and 12 show the flux-density distribution when the
suspension force is generated towards positive y-axis. To reduce
the error angle θerr, the stator must avoid flux density saturation
to increase suspension flux. Thus, the flux density of the stator
yoke must be small when no suspension current is applied. In
the 130 mm outer diameter model, the maximum value of the
flux density in the stator yoke is 1.67 T. In the 140 mm outer
diameter model, it is decreased to 1.50 T since the thickness of
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Fig. 11. Flux-density distribution of the 130 mm outer diameter model at
suspension current isy of (a) 0 and (b) 20 A.

Fig. 12. Flux-density distribution of the 140 mm outer diameter model at
suspension current isy of (a) 0 and (b) 20 A.

Fig. 13. Suspension characteristics with respect to the rotational angular posi-
tion of the high-speed rotor (HSR) θh. (a)Suspension force Fx. (b) Suspension
force Fy . (c) Error angle θerr . (d) Unbalanced magnetic pull (UMP) force Fux.

the stator yoke is enlarged and higher suspension fluxes can be
applied.

Fig. 13 shows the suspension characteristics of the proposed
motor for each model. In Fig. 13(a) and (b), the generated sus-
pension forces are shown at the suspension current isx = 10 A

Fig. 14. Prototype model. (a) Isometric projection drawing. (b) Cross-
sectional view.

and 20 A. Fig. 13(a) and (b) show the radial force Fx and Fy in
x- and y-axis directions, respectively. In Fig. 13(a), the averages
Fx of the radial force in the x-axis direction at isy = 20 A are
25.9 N and 32.2 N for the 130 mm and 140 mm outer diameter
models, respectively. Fig. 13(c) shows the error angle θerr, as
defined in (15). In Fig. 13(c), the error angle θerr does not depend
on the suspension current, whereas the error angle of the 140 mm
model is smaller than that of the 130 mm outer diameter model.
Thus, in terms of suspension performance, a thick stator back
yoke is favorable. Fig. 13(d) shows the unbalanced magnetic
pull force Fux, that is the x-axis radial force and the rotor
radial displacement x in the high-speed rotor. In Fig. 13(d),
the averages of the unbalanced pull force Fux at the radial
displacement 0.50 mm are 14.4 N and 17.3 N for the 130 mm
and 140 mm outer diameter models, respectively.

From Fig. 13(a) and (d), the most critical conditions for the
magnetic suspension are around θh = 90◦ and 270◦,where the
lowest suspension force and the highest unbalanced pull force
are generated. Thus, the maximum start-up current is17.7 A and
15.0 A for the 130 mm and 140 mm outer diameter models,
respectively.

V. EXPERIMENT

A. Experimental Setup

A prototype motor was fabricated to evaluate the analysis
results. The prototype machine consists of a stator with an outer
diameter of 140 mm. Table III shows parameters of the prototype
machine. The all values are calculated from analysis result and
CAD model. Fig. 14 shows the CAD model. Fig. 15 shows the
manufactured experimental setup. The motor and suspension
windings are separated and are each supplied from two different
three-phase inverters. The high-speed rotor PMs are made of
N48 material, and the outside is covered with 1 mm thick carbon
fiber reinforced plastic. The stator and the low-speed rotor core
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Fig. 15. Prototype of the proposed machine. (a) Stator with winding and frame.
(b) Assembled machine. (c) High-speed rotor and low-speed rotor.

Fig. 16. Control system for rotor radial position and current.

are made of laminated silicon steel 20HTH1200. Meanwhile, the
high-speed rotor core is made of S45C material because the iron
loss is negligible. The frame and low-speed rotor holder, which
are not part of the magnetic circuit, are made of non-magnetic
SUS304 stainless steel and MC901 nylon plastic, respectively.

Fig. 16 shows the radial position and current control system.
The superscript (∗) and the subscripts (m), and (s) denote the
reference, motor, and suspension, respectively. The motor and
suspension current references are generated from the feedback
signals. In the magnetic suspension, eddy current displacement
sensors (PU-03A, AEC) are used to measure the rotor displace-
ment. The errors of the radial rotor positions are calculated
from the measured radial positions x and y and the position
references x∗ and y∗. The x- and y-axis current references i∗sx
and i∗sy are generated from the errors of the radial positions by
PID controller with a first-order low-pass filter in the derivative
path. The voltage commands v∗sx and v∗sy are generated by
nested PI controller. These voltage commands are transformed
to the three-phase voltage references v∗su, v∗sv , and v∗sw, and
then impressed into the windings by the inverters to regulate

Fig. 17. Experimental result of the magnetic suspension start-up. (a) Radial
displacements x and y. (b) Three-phase suspension currents.

the suspension currents. The motor speed regulation is also
closed-loop-controlled by detecting the rotor rotational position.
The reference rotational position θ∗ is generated from the time
integral of the reference rotational speed of the high-speed
rotor ω∗.

The measured rotor angular position θ̂ is obtained by the four
Hall elements (EQ-733L, Asahi Kasei Microdevices). The rotor
angular position is calculated by the arctangent of Hall elements
signals in the x- and y-axis. Each signal is calculated by the
summation of two Hall elements located on opposite sides of
the same axis to compensate for the error caused by the rotor
radial displacements.

B. Magnetic Suspension Start-Up

Fig. 17 shows radial rotor displacements and suspension cur-
rents isu, isv , and isw during the magnetic suspension start-up.
Radial displacement sensor outputs are measured, as well as the
suspension currents. The rotor radial position references x and y
are set to the centered position. At the touchdown condition, the
rotor position of x and y are −0.04 and −0.52 mm, respectively.
These two positions are randomly chosen in the experiment,
whereas the rotational angle of the high-speed rotor is set to 0◦,
where the rotor is aligned to the y-axis as shown in Fig. 2. At
t = 0, magnetic suspension control is activated, and suspension
currents are provided. The limit of suspension currents isx and
isy are set to 14.9 A, that corresponds the current density of
20.5 A/mm2. This current limit is applied for the short time only
for the start-up current for 100 ms at the maximum based on
the experimental result presented [13]. As a result, the magnetic
suspension start-up is successfully achieved with a maximum
current of isv = 18.8 A. In Section IV-C, the start-up current
was calculated by FEM as isx = 15.0 A in xy coordinates,
which is isv = 12.2 A in uvw coordinates. Thus, the current
measured in this experiment is 53.5% higher than the FEM result
because of the transient condition.
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Fig. 18. Experimental results at N∗
h = 1300 r/min while the rotor is magnet-

ically suspended. (a) Radial displacements x and y. (b) Three-phase suspension
currents. (c) Roational speed of each rotor.

C. Magnetic Suspension During Rotation

Fig. 18 shows the waveforms of radial displacements, suspen-
sion currents, and rotational speeds of each rotor while the high-
speed rotor is magnetically suspended. The radial displacements
and suspension currents are measured. The rotational speed of
the high-speed rotor is calculated from the derivative of the
measured rotor angular position θ̂. The rotational speed of the
low-speed rotor is detected by a digital tachometer (HT-5500,
Ono Sokki). The rotational speeds of both rotors are monitored
by an oscilloscope (DLM2024, Yokogawa). In this experiment,
the reference speed of the high-speed rotor N ∗

h is 1300 r/min,
and the low-speed rotor stably rotates at the synchronized speed
of 100 r/min.

As a result, the magnetic suspension and rotation are success-
fully achieved. The vibrations of suspension currents are small
enough compared to the start-up currents. The radial vibration is
also small enough compared to touchdown length of ±0.5 mm.
Therefore, it is experimentally demonstrated that the suspension
current is small when the rotor is centered.

In addition, Fig. 18(c) shows that the average speed of the
high-speed rotor is 1296 r/min, while the low-speed rotor rotates
at 104 r/min. Thus, the high-speed rotor in prototype machine
rotates mostly 13 times faster than the low-speed rotor. The
difference between theoretical and experimental values is caused
by the error introduced by the measurement equipment. Accord-
ingly, the gear ratio Gr is 13, as designed.

Fig. 19. High-speed rotor displacement (disp.) orbit at N∗
h = 7020 r/min

while the rotor is magnetically suspended.

Fig. 20. Experimental setup for measuring radial force Fx.

Fig. 19 shows the high-speed rotor displacement orbit atN ∗
h =

7020 r/min while the rotor is magnetically suspended. The high-
speed rotor rotates within the mechanical air gap of 0.5 mm
radius. Subsequently, the prototype achieves continuous rotation
at N ∗

h = 7020 r/min and 540 r/min at the low-speed rotor.

D. Radial Force Measurement

To compare the analysis and experiment of the prototype
machine, a radial force is applied. The suspension current is
measured and compared with the FEM analysis.

Fig. 20 shows the experimental setup for radial force mea-
surement. The high-speed rotor is surrounded by the low-speed
rotor, which makes it difficult to input force directly from the
outside. Thus, the prototype motor was mounted vertically, and
an additional device was installed that can apply gravity force
as a radial force to the high-speed rotor. This device consists
of a push rod mounted on a linear rail that can move in the
x-direction. Hence, the gravity on the high-speed rotor and the
push rod is applied in the radial direction of the high-speed rotor.
The weight of the push rod assembly is 0.25 kg. Furthermore, the
external radial force can be applied by attaching weights. In this
experiment, the suspension current is defined as the difference in
the zero-suspension current since the radial forces inevitably oc-
cur due to mechanical errors, non-uniformity of magnetization,
and other factors. The zero-suspension current is defined under
the conditions that the prototype is installed horizontally, and the
high-speed rotor is suspended at center position. Additionally,
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Fig. 21. Experimental results of suspension currents isx under different radial
forces Fx with respect to the rotational angular position of the high-speed rotor
(HSR) θh.

Fig. 22. Experimental results of suspension current and direction under the
gravity applied in the x-axis with respect to the rotational angular position of the
high-speed rotor (HSR) θh. (a) Suspension currents isx and isy (b) Suspension
current direction ∠ is = tan−1 (isx/isy).

when the weights are applied, the high-speed rotor and the
stator are connected through the push rod. Thus, the force in
the y-axis direction Fy generated by the suspension current isx
is compensated by the friction force with the push rod.

Fig. 21 shows the suspension current isx at a steady state.
Suspension currents isu and isv are detected using two current
probes and waveforms are captured by the oscilloscope. isxand
isy can be calculated by the measured isu and isv using dq
transformation. The rotor radial position references x and y
are set to 0 mm. The doted currents show the experimental
result, and the solid currents show the FEM analysis results.
As a result, analytical and experimental suspension currents are
quite comparable, with only minor differences. The difference
was caused by three factors: the hysteresis effect, the reduction
of the PM flux in the test machine, and the fluctuation of
the magnetic-center-position. According to Figs. 12 and 13,
the fluctuation of the suspension characteristics is caused by
the flux saturation at the stator back yoke. In the prototype,
the flux at the stator back yoke is decreased by the reduction
of the PM flux. In the experiment result, the back EMF in
the experiment is 10% less. In addition, the fluctuation of the
magnetic-center-position has significant influence at small radial
force, because the unbalanced magnetic pull force is identical.

Fig. 22 shows the suspension current and its direction under
the gravity applied in thex-axis at a steady state. In Fig. 22(a), the

currents are similar to those of the FEM analysis results. Mean-
while, the result in Fig. 22(b) indicates that the current direction
∠ is = tan−1 (isx/isy) is enlarged compared to the FEM analy-
sis result. This is caused by the mechanical and magnetic errors.
In ideal conditions, the magnetic-centered position is constant
with respect to the rotational angular position of the high-speed
rotor θh. However, the error of the magnetic-centered position
occurred in the experiment. Generally in bearingless motors, the
additional weight is applied to increase the suspension current
and reduce the influence of the magnetic-centered position error.
In contrast, it is quite difficult to add weights directly in this
experimental setup. Therefore, the precise measurement of θerr
requires further investigation.

VI. CONCLUSION

In this paper, a novel magnetic-geared motor integrated with
a high-speed bearingless motor is investigated. The principles of
rotation and non-contact magnetic suspension were introduced.
The thick stator back yoke was found to have better suspen-
sion force and smaller force error angle characteristics. A test
machine was built based on FEM analysis and the successful
magnetic suspension and rotation were verified.

As a result, the principle of the magnetic-geared motor inte-
grated with a high-speed bearingless motor has been validated
for the first time in this work.
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