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ABSTRACT In this paper, based on the multi-DOFmotor, the structure is optimized and gas lubricated bear-
ings are added, and the structure of the multi-of motor is proposed. Firstly, the basic structure and working
principle of the motor are described. Through the analytical calculation and frequency decomposition of the
electromagnetic force, the magnetic density cloud diagram and the magnetic field vector diagram of the air-
floating multi-DOF motor (AMM) at the rated speed are analyzed. The variation of radial electromagnetic
force (REF) with horizontal circumferential space is solved. The changes of electromagnetic force under
different deflection angles and different air gap distances are calculated. Through the modal analysis of
the stator and rotor of the air floating multi-degree of freedom motor, the deformation under the natural
frequency is obtained by using the finite element software, and the influence of the stator material on the
modal analysis is explored. It provides new ideas for the design of multi-DOF motors.

INDEX TERMS Multi-DOF motor, gas lubrication, electromagnetic properties, finite element analysis,
radial electromagnetic force, modal analysis.

I. INTRODUCTION
With the innovation of AC motors and the continuous due
to the unceasing development and progress of science and
technology, the traditional manufacturing industry began
to transform, and high-end manufacturing has begun to
emerge. At this time, there is an urgent need for the fur-
ther development of high-efficiency, high-precision and low-
energy motors [1]–[3]. Traditional motors can’t meet the
current manufacturing industry, and there has been an update
in the motor industry. The emergence of multi-degree-of-
freedom motors replaces multiple single-degree-of-freedom
transmission structures, avoiding the reduction of transmis-
sion efficiency and transmission accuracy caused by complex
transmission structures [4]–[7].

In the process of lubrication technology development, gas
lubrication technology compared with the past few years of
development by leaps and bounds, this lubrication mode not
only has the advantage of low friction coefficient, but also
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can be applied to a wide range of conditions, and began
to attract people’s attention. Compared with rolling bear-
ings and oil film lubrication, gas lubrication has enhanced
transmission precision, operating life and stabilizing perfor-
mance [8]–[11], while the power consumption goes down.
Consequently, gas bearings are gradually favored by peo-
ple and become a major part in the contactless support
area [12]–[14]. Now we combine the air bearing with the
multi-degree-of-freedommotor, forming a new motor model,
namely the AMM structure, which combines the advantages
of the two. This new type of motor realizes the transform of
driving method, and it will more superior than the traditional
multi-degree-of-freedom motor performance.

In terms of high-speed electric drive motors, bearings with
long life and low wear need to be selected at high speeds. Gas
bearings have the characteristics of system integration and
high load capacity, and stand out in industrial applications
[15], [16]. The turbogenerator has a complex turbocharger
mechanism, and the gas bearing can meet the requirements of
low pollution, wide temperature scheduling and high stability,
and has been favored by industrial applications [17], [18].

53164 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0003-2383-7607
https://orcid.org/0000-0002-3452-5564


Z. Li et al.: Electromagnetic Characteristics and Modal Analysis of Multi-DOF Motors

In the literature [19], the gas effect, roughness effect and edge
leakage effect of the gas dynamic bearing were analyzed, and
the influence of the static bearing capacity of the gas bearing
was analyzed by the dynamic analysis method. The friction
torque measured when the gas bearing is working will cause
torque unbalance. The sensor can be installed on the rotor to
realize the co-rotation of the sensor and the rotor to calculate
the friction torque [20]. As a substitute for the current tradi-
tional bearing, the magnetic-air hybrid bearing can meet the
needs of a large number of turbomachinery, but the stability
has been strictly tested [21]–[23]. When simulating the static
characteristics of a gas bearing, theoretically, the coupling
effect can be solved by the finite element method for multiple
boundary conditions through the Reynolds equation. For the
operation of the gas-bearing multi-degree-of-freedom motor,
the gas film formed by the bearing will be affected during the
motor rotor support process and the electromagnetic opera-
tion process [24], [25]. Therefore, when the whole motor is
powered on, the electromagnetic excitation will cause differ-
ent degrees of resonance to the motor, and the stability of the
air film bearing will be affected [26], [28]. By testing and
analyzing the oscillating movement property of the electric
machine stator, the law of resonance caused by the motor
can be found, the faulty operation of the gas bearing can be
avoided, and the design requirements of stable operation can
be completed [29], [30].

The structural model of the AMM proposed in this paper
is explained, and the fundamental operating principle of the
electrical machine is described. Finite element software was
used to analyze and calculate the electromagnetic field of
the motor. In addition, the magnetic field distribution during
the movement process is obtained by the analytical method,
The REF changes with the horizontal circular space are
solved, and the variation of electromagnetic interaction force
at various deflection angles and different air gap distances
are calculated. In this paper, we use finite element software
to perform modal dissection of the motor to simulate the
modal deformation of the rotor. Then this paper explores
the influence of stator material on the modal analysis and
obtains the distribution clouds at the intrinsic frequency and
the deformation under the mode to provide a reference for
the prevention of motor resonance. The combination of multi-
degree-of-freedom motors and gas lubrication technology is
in line with the forward trend of motors.

II. MOTOR STRUCTURE AND WORKING PRICIPLE
The AMM structure combines the advantages of multi-
degree-of-freedom motors and gas lubrication and can be
applied to high-precision multi-directional rotary motion.
During the operation of the motor, the rotor is in a sus-
pended state, and the stator and rotor have no contact, which
minimizes the friction of the rotor during rotation. AMM
effectively improves the problems of large weight and vol-
ume, low precision, complex control, and large friction loss
of the motor. In the figure, the air supply pipeline is con-
nected to the external air source and is transported to the

TABLE 1. Paramenters of the AMM.

FIGURE 1. Schematic diagram of the structure of the AMM.

FIGURE 2. Electromagnetic structure of the motor.

gap between the stator and the rotor through the orifice to
form an air film flow field. The air film flow field provides
the bearing capacity and supports the rotor to run stably.
The motor structure is shown in Fig. 1. Table 1 shows the
parameters and specifications of AMM.

The rotational motion of the AMM is driven by electro-
magnetic force, in which the permanent magnets (PM) of the
rotor and the stator coils are the electromagnetic structures
of the motor, which generate electromagnetic force. There is
32 cylindrical PM (16 N poles and 16 S poles) distributed
on the rotor of the motor in 4 rows and 8 columns. NdFeB is
selected as the permanentmagnetmaterial, as shown in Fig. 2.
There are 16 iron cores and energized coils distributed in two
rows on the stator shell. The coils are divided into 4 groups
(A, B, C, D), and each group is named 1, 2, 3, and 4. The coils
are made of copper, as shown in Fig. 2. AMM completes the
multi-degree-of-freedom motion of the motor by adjusting
the on-off of the coils (1 group to 4 groups).

Themotion of the motor is divided into rotation and deflec-
tion motion. When the rotor rotates around the Z-axis, the
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motor is in rotation mode. At this time, the coils A, B, C,
and D groups are fed with current, which generates the same
magnetic field as the PM to drive the rotor to move; When
the motor deflects around the center plane, it controls the
current of No. 1 and No. 2 of the 4 groups of coils to generate
the same magnetic field as the PM and controls No. 3 and
No. 4 of the four groups of coils to pass currents with the
same amplitude and opposite directions, which produces an
opposite magnetic field to the PM, which drives the rotor to
perform deflection motion.

During the operation of the motor, high-pressure gas is
first introduced into the interior of the motor. The gas needs
to be filtered to prevent the air from carrying moisture and
other impurities from causing damage to the interior of the
motor. The high-pressure gas pushes the rotor of the motor
into a suspended state and then controls the coil to energize to
rotate. During the operation of the motor, gas is continuously
introduced, and the gas flow inside the motor can take away
the heat generated during the operation, which is equivalent
to its cooling effect.

III. RESEARCH ON ELECTROMAGNETIC PROPERTIES
The complex structure of the AMM is the focus of research
because the multi-DOFmotion is realized by electromagnetic
drive from different angles. Using finite element software
for electromagnetic analysis can get higher precision results.
Maxwell’s equation is the basis of electromagnetic field
calculation. The electromagnetic equation in a rectangular
coordinate system is as follows:{

∇ × H (x, y, z) = J (x, y, z)
∇ · B (x, y, z) = 0

(1)

where H (x, y, z) is the magnetic field strength; J (x, y, z) is
the current density; B (x, y, z) is the magnetic flux density.

The PM of the AMM is cylindrical and distributed outside
the spherical shell. Radial magnetization is selected in the
magnetization method. Under the rectangular scale system,
the air gap magnetic field needs to be decomposed:

B(x, y, z) = BX ·
→

X +BY ·
→

Y +BZ ·
→

Z (2)

Since the electromagnetic structure of the AMM is a
spherical distribution, the coordinate can be decomposed
and the magnetic field distribution relationship suitable for
the spherical coordinate system can be obtained. Through
the decomposition and transformation of the magnetic
field, the magnetic field components in the three directions
are as follows in the spherical coordinate system:

Br = [Bx cos(ϕ)+ By sin(ϕ)] sin(θ)+ Bz cos(θ)
Bθ = [Bx cos(ϕ)+ By sin(ϕ)] cos(θ)− Bz sin(θ )
Bϕ = By cos(ϕ)− Bx sin(ϕ)

(3)

The electromagnetic force generated at the air gap acts
on the fixed rotor after the rotating magnetic field of the
AMM. Since the electromagnetic force has a large component
along the diameter direction, the REF is the main factor

affecting the operation of the motor and also the main cause
of faults caused by the vibration of the motor. The vibration
and noise generated by the motor mainly depend on the value
and frequency of electromechanical magnetic force, which is
an important research direction to solve the vibration fault.
When the rotor rotates in a no-load state, the PM acts alone
to produce the REF. The AMM is in a load operation state.
The PM magnetic field and the armature reaction generate a
magnetic field together to generate a rotating magnetic field
and generate synthetic REF. According to the analysis of
magnetic field characteristics at the air gap, the force at the
position of the stator bulge is as follows:

Fr =
1

2µ0

(
B2R − B

2
T

)
(4)

where Fr is the REF of the multi-DOF motor (N/m2); BR and
BT are the radial magnetic flux density (T) and the tangential
flux density (T) of the motor air gap.

Since the permeability of ferromagnetic materials is
greater than that of vacuum, the tangential flux caused by
the magnetic field can be ignored. The magnetic flux of
the AMM is mainly composed of two parts: the magnetic
flux component generated by the magneto-dynamic force
of the PM at the air gap and the magnetic flux component
generated by the coupling of the armature reaction at the air
gap. Therefore, the REF of the motor can be rewritten as:

Fr=
1

2µ0

(
BPγ+BSγ

)2
=

1
2µ0

B2Pγ+
1
µ0

BPγBSγ+
1

2µ0
B2Sγ

(5)

where µ0 is the vacuum permeability; BPγ is the magnet-
icfluxdensity (T) of the PM magnetomotive force at the air
gap; BSγ is the magnetic density (T) of the stator armature
reaction at the air gap.

According to the coupling of the fixed magnetic field of
the PM and the magnetic field generated by the stator arma-
ture reaction, the electromagnetic force along the diameter
direction is generated in the raised part of the stator of the
motor. The REF can be analyzed by analyzing the magne-
tomotive force generated by the PM and the magnetomotive
force generated by the three symmetric currents of the stator
armature reaction. The specific expressions of BRγ and BSγ
can be expanded as follows:

BRγ = λ
∑
mp

FPm cosmp(ωt − pθ ) (6)

BSγ = λ
∑
µ

∑
mS

FSm cos
(
µωt − pmSθ − ϕS

)
(7)

where mP is the harmonic order of the PM magnetic field;
mS is the harmonic coefficient of the stator armature reaction
magnetic field; FPm is the mp sub-harmonic magnetomotive
force amplitude (A) of the PM; FSm is mS harmonic magneto
motive force amplitude generated by µ time current of the
stator three-phase winding; λ is the equivalent permeance of
the motor; θ is the mechanical angle of the rotor space; ω is
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the angular frequency of the fundamental current; ϕS is the
magnetic force Initial phase.

When calculating the permeance, since the rotor surface
of the air-floating multi-DOF model is a smooth surface,
taking the centerline of a certain tooth of the stator as the
coordinate, the equivalent air-gap permeance of the motor is
calculated as:

λ = λ0 +

∞∑
k=1

λk cos (kθZ0) (8)

where λ0 is the effective value of air gap permeability (H−1);
k is the tooth harmonic order; λk is the air gap k-order tooth
harmonic permeability (H−1); Z0 is the stator slot number.
Multiply the magnetic force expression of the PM of the

motor by the equivalent air gapmagnetic conductivity expres-
sion to obtain themagnetic density generated by the PM at the
air gap:

BPγ =
∑
mp

BPm cosmp(ωt − pθ )

+

∞∑
k=1

∑
mS

BPmk cos[mPωt − (mPp± kZ0)θ ] (9)

where BPm is the average PM flux density mP sub-harmonic
amplitude (T); BPmk is the k-order harmonic magnetic flux
density amplitude (T) of the PM harmonic magnetomotive
force acting on the permanent magnet tooth.

In the same way, multiply the expression of the stator
armature reaction magnetomotive force with the equivalent
air gap permeability expression to obtain themagnetic density
generated by the armature reaction magnetomotive force at
the air gap:

BSγ =
∑
µ

∑
mS

BSm cos (µωt − pmSθ)

+

∞∑
k=1

∑
µ

∑
mS

BSmk cos[µωt − (pmS + kZ0)θ ]

(10)

where BSm is the average stator armature response mS har-
monic flux density amplitude (T); BSmk harmonic magne-
tomotive force acts on the k-order armature response mS
harmonic flux density amplitude (T).

Substitute Eq. 9 and Eq. 10 into Eq. 5 to obtain the REF at
the stator of the AMM in response to the PM magnetic field
and the stator armature.

Fr

=
1

2µ0



∑
mp
BPm cosmp(ωt − pθ )

+
∑
µ

∑
mS
BSm cos (µωt − pmSθ)

+

∞∑
k=1

∑
mS
BPmk cos[mPωt − (mPp± kZ0)θ ]

+

∞∑
k=1

∑
µ

∑
mS

BSmk cos[µωt − (pmS + kZ0)θ ]


(11)

FIGURE 3. Magnetic density cloud diagram and magnetic field vector
diagram of AMM at rated speed.

where the first two parts are the REF generated by the cou-
pling of the fundamental wave between the PM and the stator
armature, and the second half is the REF generated by the
coupling of multiple harmonics between the PM and the
stator armature on the stator protrusion.

The finite element calculation method of the motor mag-
netic field is to transform the marginal conditions in the
partial differential equation into an energy generalized func-
tion problem, and then discretize it and establish the node
as a variable fractional equation for solving, reducing the
complexity of the procedure.

In the load analysis of the AMM, the rated speed of the
rotor motion is set to 1500rpm, and the excitation source
is added to the stator coil winding. The PM of the AMM
adopts the radial magnetization method. The magnetization
directions of the N pole and the S pole are opposite. The
maximum amplitude of magnetic flux density is about 2.00T,
which is located near the distance between the magnetic poles
of the motor rotor and adjacent to each other. The magnetic
flux density between the pole slots is larger. The magnetic
density cloud diagram and magnetic field vector diagram of
the AMM at the rated speed are shown in Fig. 3. Observa-
tion of the magnetic density cloud shows that the permanent
magnets are magnetized in radial direction and the magnetic
density vector of the circular permanent magnets is radial.
The larger magnetic density in the coil corresponding to the
rotor part indicates that the motor structure has excellent elec-
tromagnetic performance both in the rotating and deflecting
states, which proves the feasibility of AMM multi-freedom
motion.

Due to the variation of time and space under rated load,
the average value of measured magnetic density is relatively
small. It can be seen from the right half of Fig. 3 that in the
running state of the motor, the magnetic field lines of the per-
manent magnets are not symmetrically distributed, and the
magnetic circuit changes due to the armature reaction. At the
corresponding time, both the air gap of themotor and themain
magnetic circuit have magnetic fields, but no magnetic flux
leakage occurs.

Fig. 4 shows the waveforms of the radial flux density and
the tangential flux density of the air gap changing with the
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FIGURE 4. Waveforms of radial and tangential magnetic densities under
air gap.

circumferential distance when the circumferential distance
changes at the air gap of the AMM. The peak value of the
radial magnetic density at the air gap of the motor is 0.2015T,
and the peak value of the tangential magnetic density is
0.0411T. It is obvious that the radial magnetic density is the
main factor of the air gap magnetic density, which is mainly
produced by the PM.

The distribution and amplitude of radial force were calcu-
lated by finite element software. The analysis shows that the
amplitude of REF is large, and the tangential electromagnetic
force can be ignored. The research on the change of the REF
under the load condition of the AMM is particularly impor-
tant. After calculation, the FFT decomposition diagram of the
REF changing waveform with the horizontal circumferential
space and the REF is obtained, as shown in Fig.5.

Fig. 5(a) shows the waveform of the radial force changing
with the horizontal circumferential space. The electro- mag-
netic force at the relative position of the rotor magnetic
pole is relatively large, indicating that the REF is the result
of the combined effect of PM magnetic field. Fig. 5(b)
is the FFT decomposition result of the REF in the motor
space. The magnitudes of the 0th-order components and
the 16th-order components are the largest, followed by the
32nd-order, 48th-order, 64th-order and 80th-order amplitude
components. It can be found that the spatial order with larger
amplitude is a multiple of 16 times. In the spatial position,
the REF of the AMM is solved, and the distribution diagram
of the REF in three-dimensional space is drawn, as shown in
Fig. 6.

In Fig. 6, the REF is uniformly distributed in space, the
amplitude is the same, and there are 8 symmetrical periods
with the same proportion in the circumferential direction,
which corresponds to the structure of the PM of the motor
in 4 rows and 8 columns. The air gap position of the rotor of
the motor is analyzed, and the change of the REF is solved
by finite element calculation. The change of the REF with
time under different periods is shown in Fig. 7(a). The FFT
decomposition is shown in Fig. 7(b).

It can be concluded from Fig. 7 that the maximum REF
amplitude is 65.43N, showing periodic changes. Then, the
REF is decomposed by FFT, and the amplitude of the radial

FIGURE 5. Schematic diagram of REF. (a) Waveform of REF varying with
horizontal circumferential space, (b) FFT decomposition of REF.

FIGURE 6. Waveform of spatial distribution of REF.

electromagnetic force at different harmonic frequencies can
be obtained. The DC component has the largest amplitude
component at the frequency of 200 Hz, and the characteristic
component that has the greatest impact on vibration is still
twice the fundamental frequency. It can be concluded that the
amplitude of even multiples such as 2 times, 4 times, 6 times,
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FIGURE 7. Schematic diagram of REF. (a) Waveforms of REF at different
time periods, (b) FFT decomposition of the REF.

and 8 times is larger. Relatively speaking, the vibration of
these positions will also be relatively large.

Ignoring the special structure of the motor stator teeth and
the edge leakage flux, under the same air gap, the REF of
different spacings is also different. Compared with different
deflection angles and different air gap distances, the magni-
tude of the electromagnetic force is also different. Through
the calculation under different conditions, the comparison
curve of the electromagnetic force and the air gap distance
under different deflection angles is shown in Fig. 8.

It can be seen from Fig. 8 that the REF is greater under
the condition of rotation. With the increase of deflection
angle, the REF decreases in varying degrees. Under the same
deflection angle, the air gap spacing is inversely proportional
to the REF. As the air gap distance decreases, the REF of
the rotor also increases. After deflection at different angles,
the magnitude of the electromagnetic force also gradually
decreases.

By analyzing the electromagnetic force under motor load
operation and deflection operation, REF is obtained as the
main influence factor of electromagnetic field on motor com-
ponents. After the frequency decomposition of REF, the main
harmonic orders and laws affecting REF are found to guide
the following modal analysis.

FIGURE 8. Comparison curve of electromagnetic force and air gap
distance under different deflection angles.

IV. MOTOR MODAL ANALYSIS
A. MODAL ANALYSIS THEORY
The modal analysis of the motor is helpful to test the stability
of the motor. Through modal simulation, the deformation of
AMM at different frequencies can be obtained; by summariz-
ing the deformation at different frequencies, the occurrence of
resonance can be effectively avoided. Since AMMcan realize
multi-directional rotational motion, it is necessary to deduce
the equation of motion. According to the theory of elasticity,
the equation of motion system of AMM is deduced, and its
matrix equation can be expressed as:

Mx ′′ + Cx ′ + Kx = Q (t) (12)

Since Among them, M is the mass matrix, C is the damping
matrix, K is the stiffness matrix;x ′′ is the acceleration, x ′ is
the velocity vector; x is the displacement vector; Q (t) is the
system load.

AMM can realize rotation and deflection during operation.
When the rotor rotates with the Z axis as the center line, only
the displacement and force of the X and Y axes need to be
analyzed. Deriving Eq. (12), the forces in two directions are
obtained:F (x) = m d2x(t)

dt2
+ cn

dx(t)
dt + cr

[
dx(t)
dt +�y (t)

]
+ kx (t)

F (y) = m d2y(t)
dt2
+ cn

dy(t)
dt + cr

[
dy(t)
dt +�x (t)

]
+ ky (t)

(13)

where � is the rotational speed of the rotor; m is the mass
of the rotor; k is the stiffness of the rotor bearing; cn is
the external damping of the rotor system; cr is the internal
damping of the rotor system; x (t) , y (t) ,F (x) ,F (y) are the
displacement in different directions and the excitation force
of the structure, respectively.

When the motor rotor is deflecting, it is necessary to
analyze the displacement and force of the three degrees of
freedom, X , Y , and Z . Eq. (12) is deduced to obtain the force
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FIGURE 9. Cloud diagram of rotor modal analysis.

in three directions:F (x)
F (y)
F (z)

 =
 kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

 x
y
z


+

 cxx cxy cxz
cyx cyy cyz
czx czy czz

 x ′

y′

z′

 (14)

B. ANALYSIS OF MODAL CHARACTERISTICS
The AMM structure is composed of a stator and a rotor. The
modal of the rotor is analyzed, and 32 cylindrical permanent
magnets are embedded on the rotor. When modal simulation
of AMM is performed, no force and constraint conditions
are added to the motor, and the deformation of the motor at
the natural frequency is observed. During the analysis, the
permanent magnets and spherical rotor are glued together to
form a whole. The motor rotor is meshed, and then solved,
and the modal changes of the motor at different frequencies
are obtained.

1) MODAL DEFORMATION ANALYSIS OF ROTOR
The rotor is the basic structure of the AMM. Establishing a
suitable three-dimensional model of the rotor is helpful to
accurately analyze themodal of the rotor. The PMon the rotor
are embedded in the rotor casing, and small gaps and small
parts are ignored. The influence of modal analysis, spherical
rotor material and permanent magnet material parameters are
shown in Table 2. The deformation of the rotor at different
frequencies is analyzed through simulation, and the modal
change cloud diagram is shown in Fig 9.

Deformation of the motor rotor begins at the output shaft
position. As the frequency increases, the overall rotor begins
to deform. The deformation of the rotor is about l = 3.8, and

TABLE 2. Paramenters of rotor material.

FIGURE 10. The modal cloud diagram of the stator under the aluminum
material.

the deformation gradually decreases. The modal frequency
mainly distributed in the range of f = 15000Hz to f =
16000Hz, the deformation is relatively small, and the defor-
mation of the rotor is about l = 0.45 on average. In order to
avoid resonance affecting the stability of the motor, the fre-
quency range around f = 4356Hz and f = 12767Hz should
be avoided, select the frequency range from f = 4500Hz to
f = 12500Hz as a relatively ideal vibration frequency range.

2) STATOR MODAL DEFORMATION ANALYSIS
Import the established stator model into finite element for
modal analysis, obtain the deformation diagram of the motor
at different frequencies through calculation, observe the
deformation of the motor in each frequency range, and do
not set constraints and boundary conditions in the process
of simulation analysis, carry out modal analysis on the stator
casing of the motor, select the modal under 9 frequencies of
the stator for analysis, and obtain the deformation variables
and deformation cloud diagrams at different frequencies,
as shown in Table 3 and Fig. 10.

Through the modal analysis of the stator under the alu-
minum material, the relationship between the modal fre-
quency and the deformation of the stator can be obtained.
When the frequency of the stator continues to increase, the
deformation of the stator increases and decreases in stages,
which helps to shield the frequency under large deformation,
reduces the amount of deformation of the motor, and helps
to enhance the stability of the motor. In the frequency range
from f = 6465Hz to f = 8446Hz, the deformation increases
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TABLE 3. Deformation of aluminum stator.

TABLE 4. Parameters under three under three material.

continuously, from the deformation l = 0.497 to l = 1.73,
and in the frequency range from 8790 Hz to 9671Hz, the
deformation increases from l = 0.778 to l = 1.246, in order
to avoid resonance affecting the stability of the motor, the
frequency range near the frequency range f=8446Hz and
f = 9671Hz should be avoided, and the frequency range
f = 6445Hz and f = 8790Hz should be selected as relatively
ideal vibration frequency ranges.

In order to further explore the resonance and deformation
of the AMM stator, two different materials were listed for
comparative analysis, and the fixed frequency and deforma-
tion of the stator under different materials were obtained,
which provided guidance for the selection of motor stator
materials. The material properties are shown in Table 4.

Next, the deformation conditions under different materials
are solved by simulation, and the deformation diagrams under
the materials are compared to obtain the deformation con-
ditions under the three materials. Under different materials,
to ensure that other conditions are the same, the two materials
of aluminum and stainless steel are respectively input to
solve, and the deformation cloud diagram of the stator under
the twomaterials is obtained. As shown in Fig. 11 and Fig. 12.

It can be seen from the deformation of the two materials,
steel and stainless steel, that the deformation trend of the
stator is basically the same, but the deformation of the stator
is lower than that of the aluminum material. In order to see
the comparison of the three materials more clearly, made a
histogram for analysis, as shown in Fig. 13.

By comparing and analyzing the simulation results of
Fig.10 to Fig. 12, it can be clearly seen that the deformation
distribution of the stator in different frequency segments,
under the frequency segment f=5000-6000Hz, there is no
stator deformation, the structure is stable, and the frequency
The segment f=9000-10000Hz has a large deformation, and
the AMM should avoid this frequency segment during the
actual rotation process. On this basis, it can be seen that

FIGURE 11. Modal cloud diagram of stator under steel material.

FIGURE 12. The modal cloud diagram of the stator under stainless. steel
material.

the deformation of the aluminum material is the largest, and
the deformation is close to 2, which is not suitable for the
stator material of the motor. In contrast, the deformation of
the two steel structures is very small, and the deformation is
1.1, which is almost one smaller than that of the aluminum
material. It is more suitable for the stator material of the
motor, which is helpful for the stability of the motor when
it moves with multiple degrees of freedom.

C. EXPERIMENTAL RESULTS AND ANALYSIS
The generation of vibration will inevitably have an adverse
effect on the operation of the motor, so it is very necessary
to conduct experiments on the vibration characteristics of the
designed AMM. The experimental platform includes AMM
motor device and detection and control equipment. The detec-
tion and control equipment includes the host computer, power
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FIGURE 13. Modal distribution diagrams for three materials.

FIGURE 14. Vibration experiment platform of air-floating multi-DOF
motor.

supply, control board, vibration meter TIME7231, and speed
meter, as shown in Fig. 14.

The probe of the vibrometer TIME7231 is attached to the
base and stator housing of the AMM, and a piezoelectric
sensor is used to convert the vibration signal into an electrical
signal. By processing and analyzing the input signal, the peak
acceleration, peak displacement, or real-time spectrogram of
the vibration measurement is obtained. The acceleration fre-
quency range is 10Hz-10kHz and the displacement frequency
range is 10Hz-500Hz, where the acceleration measurement
range is 1-390m/s2 and the displacement measurement range
is 0.01-8mm. In the testing process, the red dot on the front
of the LEMO plug of the vibration measurement probe is
alignedwith the red dot on the LEMO socket and inserted into
the plug to start the measurement work. The measurement
spectrum is displayed in real-time and the test data is stored
using the storage function of the vibrometer. The collected
vibration data is then fitted to a curve, and the results are
shown in Fig. 15 and Fig. 16.

During the operation of the AMM, it can be seen by
the change of vibration displacement of the motor base
that there is a certain vibration of the motor base, but
the maximum vibration does not exceed 0.12 mm, and
the motor operation process is basically stable, and the
vibration amplitude is significantly reduced compared with

FIGURE 15. Vibration displacement diagram of AMM.

FIGURE 16. Schematic diagram of vibration of base and stator.

the multi-degree-of-freedom motor based on liquid support.
Fig. 16 shows the vibration of the base and stator during
the motor motion. The analysis shows that the base and
stator vibrations are basically the same, and the relative
deformation of the stator shell is larger, which is caused by
the support between the stator and rotor during the motion
of the AMM. The experimental results provide verification
of the simulation results. When improving the motor at a
later stage, the stator shell should be reinforced to reduce
the vibration of the motor by increasing the thickness of the
stator shell to achieve the purpose of stable operation of the
motor.

V. CONCLUSION
In this paper, the structure of the gas floating multi-degree-
of-freedom motor is proposed based on the multi-degree-of-
freedom permanent magnet motor, and the bearing structure
of the motor is optimized. Based on the gas-bearing, the
mechanical friction of the motor is greatly reduced. In the
article, the analytical settlement and the modal analysis of
the vibration state of the motor stator and rotor are carried
out for the complex electromagnetic force distribution of
the AMM.
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The main contributions of this paper are as follows.
1) In this paper, the electromagnetic distribution and

structural forces of AMM are analyzed by modeling with
Maxwell’s equations. The electromagnetic forces under rated
load are calculated and decomposed for the state of AMM
with gas-lubricated support. Through the frequency decom-
position of the electromagnetic force and introducing the
structure and mathematical model of the hydrostatic gas bear-
ing, the influence of the electromagnetic field loading force
on the stator is analyzed, and the REF is concluded as the
main cause of the deformation of the motor stator.

2) In this paper, the magnetic density cloud and magnetic
field vector diagram at the rated speed of AMM is analyzed
by finite element calculation. The waveform of REFwith hor-
izontal circular space is solved, the frequency decomposition
of the waveform is carried out, the harmonic distribution law
for REF is derived, and the deflection movement of the motor
is analyzed for REF under the deflection state of AMM, and
the electromagnetic force variation law under the deflection
angle and different air gap spacing is summarized.

3) The natural frequency of the motor stator is analyzed by
finite element software. Then the influence of stator material
on the modal analysis was explored, and it was found that the
stator deformation was minimal under aluminum material,
and there was no deformation of stator and rotor in the
frequency range f = 5000-6000Hz, which provided help to
optimize the structure of AMM.

Finally, the vibration experimental platform of AMM was
built, and through the experiment, the vibration of the motor
under rated load was measured, and it was verified that
AMM can complete the rotation and deflection operation
excellently.
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