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Abstract. Multi-degree-of-freedom motors have attracted more and more attentions, and the
liquid suspension multi-degree-of-freedom PM motor is regarded as one of the research hotspots
of new kind of electrical machine. In order to further optimize the structure of liquid suspension
permanent magnet synchronous multi-degree-of-freedom motor and improve the stability of the
operation, the mode force analysis of the motor's component is carried out. The characteristics and
basic structure of the motor are introduced, and the principle and rules of the motor resonance are
expounded in detail. Based on the theory of mechanics, the mode of the motor spherical shell is
studied and calculated. By finite element analysis, the modal changes of stator shell under static
and energized conditions are calculated and the comparison is made. Then, the 2nd order modal
deformation of the spherical shell is monitored by hammering and sensor with the measured data
obtained and compared with the finite element simulation. The solid mechanical structure of the
claw stator core is analyzed so that the stress distribution and deformation displacement
distribution are obtained. The results of the simulation and analysis provide the reference for the
optimal design of this kind of motors or actuators.

Keywords: multi-degree-of-freedom motor, modal, solid mechanics, resonance.
1. Introduction

With the development and progress of modern society, the potential use of
multi-degree-of-freedom permanent magnet motors has been more and more widely, which has a
very bright foreground in the aero space, military and other aspects. The multi-degree-of-freedom
motor can be drive to rotate and translate in more than two axises in three dimensional spaces.
Compared with the several single degrees of freedom of motors, multi-degree-of-freedom motor
has a wider application range, smaller size, cost reduction, improvement of drive performance.
The liquid suspension multi degree of freedom motor is a research hotspot of new multi degree of
freedom motor [1-3].

The multi-degree-of-freedom permanent magnet motor usually adopts the traditional
mechanical bearing connection structure, which has the disadvantages of friction loss and high
heat generation [4, 5]. These reasons lead to the limitation of the application of the motor. The
dynamic characteristics of the rotor will be affected by the friction resistance of the mechanical
bearing, which will lead to the reduction of the motor efficiency and the service life [6]. In
addition, the magnetic field of the traditional multi-degree-of-freedom permanent magnet motor
is easy to out of control. The motor is difficult to operate in suspension mode, which is difficult
to improve the control accuracy. In order to solve the problem of multi-degree-of-freedom
permanent magnet motor with using traditional bearing structure, researchers have increased the
research on the bearing structure and driving mode of the multi-degree-of-freedom permanent
magnet motors [7, 8]. The purpose of this work is to reduce the motor energy loss, reduce the
motor noise, improve the motor dynamic performance and control accuracy.
Multi-degree-of-freedom permanent magnet motors are currently developed towards the
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directions of more efficient, environmental protection, high precision positioning, more easily to
integrate and miniaturization direction [9].

Based on the above, the PM hybrid suspension driven multi-degree-of-freedom motor has been
proposed. The liquid suspension hybrid electric motor has absorbed the advantages of magnetic
suspension bearingless motors, conventional PM synchronous motors and a variety of
multi-degree-of-freedom permanent magnet spherical motors. The rotor of the motor is suspended
in the liquid within the stator shell and driven by the stator coils. Suspension and motion of the
rotor are also driven by the stator coils. The innovative liquid suspension structures are adopted
by this motor, which can greatly reduce the friction loss and save energy. The accuracy and
flexibility of motor control can be improved by hybrid driving mode. The motor can be used in
the field of robotics and human bionics, which need precise positioning in the field of free
movement [10].

During the operation of permanent magnet synchronous motor, the vibration and deformation
displacement of the motor modules excited by electromagnetic force which are the main sources
of the mechanical deformation of the motor [11]. The deformation and noise are produced by the
vibration and rotation of the multi-degree-of-freedom motor, whose process is very complicated.
The small-parameter method of Poincare and the KBM asymptotic method are usually adopted,
which usually is very effective for solving single-degree-of-freedom and multi-degree-of-freedom
system, and greatly simplifies the stability of the periodic solution. The various forms of multiscale
methods are being systematized through Nagfeh and Mook, and the nonlinear vibration problem
of some continuum systems is solved effectively [12, 13].

In order to further optimize the structure of the motor, a vibration of a liquid suspension hybrid
drive multi-degree-of-freedom motor in a complicated multi-physics field is studied.

2. Structure of motor
2.1. Composition of structure

The liquid suspension hybrid drive multi-degree-of-freedom permanent magnet synchronous
motor mainly includes the rotor, stator coil, spherical shell and the liquid oil film between two
layers of spherical shells. In the multi-degree-of-freedom motor, the mechanical bearing between
the stator and rotor of the motor is different from the traditional motor structure. The motor is
filled with oil film between the stator shell and the rotor, and the rotor is suspended in the liquid.
In the way, the friction wear of the motor can be greatly reduced, which is more flexible and
applicable to be controlled.

According to different requirements, the motor can be divided into output shaft structure and
non-output shaft structure. The non-output shaft is also called the rotor embedded structure. The
difference between them is that the oil film structure of the latter is a complete hollow spherical
structure, as shown in Figs. 1 and 2.

tail coil /

T

Fig. 1. Model with non-output shaft Fig. 2. Model with the output shaft
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A large range adjustable permanent magnet is embedded in the vertical direction of the rotor
shell, and a single stage fine tuned permanent magnet is embedded in the tail. The output shaft is
fixedly connected with the permanent magnet. There is a fine motion coil system composed of 5
coils and cores at the end of the spherical shell [14]. The hybrid drive mode is adopted by
multi-degree-of-freedom permanent magnet synchronous motor. By controlling the magnitude
and direction of the coil currents, the large range motion and fine deflection motion of the rotor
can be achieved. In the control process, a large range motion control method is used. If the control
accuracy cannot be achieved, then the fine control system is used to fine tune the rotor to achieve
the control accuracy. The control accuracy and efficiency can be improved to the greatest extent
through this control mode. The rotation and deflection of the motor do not affect each other. The
detailed arrangement of structure can be shown in Figs. 3 and 4.

v

Fig. 3. Structure of the large motion adjustment Fig. 4. Structure of the small motion adjustment
2.2. Modeling of the motor

In the established model, the embedded shaft structure is selected. The stator shell and the rotor
are built into two complete spherical structures. According to the structure which is mentioned
above, the assumption of a modeling process can be shown as follows: 1) ignore the magnetic
circuit saturation; 2) during the research of magnetic field, ignore the eddy current effects caused
by magnetic field changes; 3) the magnetic field created by the energized coils only has effects on
the rotor magnetic poles which are nearby the coils. The magnetic field has less effects on rotor
magnetic poles which is not adjacent to the coils so that the leakage magnetic field can be ignored;
4) the magnetic material is isotropic medium. Detailed parameters are listed in Table 1.

Table 1. Detailed parameters

Name Value
The radius of stator shell / mm 21
The outside diameter of large range permanent magnet / mm 18
The inner diameter of permanent magnet / mm 17
The outer diameter of rotor shell / mm 19
The gap of permanent magnet / mm 2

3. Theoretical analysis of the vibration
3.1. Principle of resonance

Resonance is a case where a physical system vibrates at a given frequency in the greater
amplitude than other frequencies, which is called the resonance frequency. During the operation
of multi-degree-of-freedom permanent magnet motor, the coupling calculation of electromagnetic
field, solid mechanics and solid heat transfer are involved, and the coupling and vibration noise
produced by operation are more complex [15].
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Before investigating the resonance law and coupling, the correct model is set up and the
electromechanical coupling is realized. The interaction law and engineering application of
electromechanical coupling analysis are studied, and the corresponding material is selected to
view the intrinsic properties.

When the multi-degree-of-freedom PM motor in operation, the electromagnetic resonance will
be occurred. Under certain frequencies, the multiple modal resonances are excited by
electromagnetic resonance at the same time. To stimulate multiple resonances, it needs to satisfy
two aspects: 1) it is necessary to satisfy its mathematical relation; 2) the modal of the system is
required to have a proper coupling relationship [16]. Therefore, the coupled vibration study of the
motor is essential.

3.2. Experimental principles

The sensors are used to monitor the modal changes of the stator shell. The modal analysis
experiment is carried out on the stator shell of the multi-degree-of-freedom motor and the natural
frequency of the stator is studied by the modal experiment. Compared with the data of the stator
modal displacement which measured by FEM, the accuracy is verified. Because the stator of the
motor is spherical, it chooses the 2nd order mode of the stator shell as the object of experiment
and calculation.

In the experimental platform, the single point excitation of hammer method is applied. The
force sensor is mounted on the hammer head to measure the excitation signal [17]. This experiment
is used to detect the force deformation of the stator shell under the two order modes. The signals
of displacement and deformation are returned to the computer through the sensor, and the analysis
is carried out, which is compared with the data of the modal deformation of the stator shell
calculated by FEM. The data is imported into the MATLAB, which directly presents the 2nd order
modal changes of the stator.

3.3. Coupling of magnetic field and solid

After the main coil of the motor and the fine coil system are energized, since the coils are fixed
on the iron cores, the magnetic domain of the magnetic material rotates along the magnetic field
under the action of the external magnetic field. The direction of the magnetization tends to be
consistent, which leads to the elongation or shortening of the core length along the direction of the
magnetic force line, thus producing the magnetostrictive stress within the core [18, 19]. The
magnetostriction stress of the stator core of the motor is calculated by the elastic mechanics
method. As the motor is energized, the coils generate heat to make the coils and cores for further
deformation. The phenomenon of magnetic structure coupling is the main phenomenon of the
resonance of the motor. Therefore, in the research of motor structure system, it is also an important
content to discuss the deformation caused by the force produced by the iron core after the coils
are energized. Therefore, the magnetic field of the motor should be analyzed firstly, which is
different from the calculation principle of two-dimensional static magnetic field. The method of
three-dimensional static magnetic field calculation is the edge method, that is, the edges of
meshing elements are the degrees of freedom for the solution of amount of field parameters.

The magnetic field equations of the motor windings are shown in Eq. (1):

VZA = —py),

B=VXA,

VXE = oB .
Tt

where A(Ay, Ay, A;) is the magnetic vector and the J(Jy, J,, J,) is the current density vector;
B(By, By, B;) is the magnetic induction vector; E is the electric field intensity; V? is Laplace
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Operator; V is Hamiltonian operator. By using the method of separation of variables, the internal
and external windings are taken into account, and the magnetic induction intensity is expressed as

Eq. ):

Bl(x,y,2z,t) = GF(x,y, z)sinwt + G¥(x,y, z)coswt,
BX(x,v,z,t) = G¥(x,y, z)sinwt + G¥(x,y, z)coswt, )
BX(x,v,z,t) = GE(x,y, z)sinwt + GE(x, y, z)coswt,

where Gik is the expression of the coordinate function and the current density, i = 1, 2, ..., 6.

After the above Eq. (2) calculates the magnetic field, according to the principle of classical
mechanics, the differential equations of vibration in the system of three degrees of freedom linear
vibration system, such as Eq. (3) are obtained:

M]{x"} + [C]{x'} + [K]{x} = {F(D)}, ©)

where M mass matrix is in the matrix and C is a damping matrix; K is the stiffness matrix; {x''} is
the acceleration vector; {X} is a velocity vector; {x} is the displacement vector; F(t) is static load.
In the present structural analysis, the amount of time variation is neglected, and the Eq. (3) can be
simplified as Eq. (4):

[K]{x} = {F}. )

According to the basic principle of magneto elastic mechanics, the magnetostrictive stress and
magnetostrictive strain are linear; the magnetostrictive stress can be expressed as Eq. (5):

o = Dg, &)
where o is the magnetostrictive stress and the D is an elastic tensor; € is Magnetostrictive strain.
4. Calculation of vibration modal

4.1. Coupling of magnetic and solid

When the motor is stationary, the shell of the stator should be selected and the parameters
should be obtained. Because the model is a multi-degree-of-freedom permanent magnet
synchronous motor, the stator shell approximation can be regarded as a hollow spherical shell, so
only a spherical shell model is needed to illustrate the stator. In the modal analysis, the natural
frequency of the model is analyzed. The expression of the intrinsic frequency A is as shown in

Eq. (6):

A=ZanJ%, (©)

where m is the equivalent mass of the object; k is the equivalent stiffness of the model. By
establishing finite element model of stator of the motor, the changes of the stator modal parameters
are observed. The 1st order and 2nd order modal diagrams of the stator are shown in Figs. 5
and 6.

The modal analysis of the spherical shell of the stator is carried out in the state of complete
free condition. In the finite element simulation software, the mode changes of the first six orders
of the stator spherical shell are respectively intercepted under without any constraints.

Since the vibration displacement of the stator surface caused by the radial electromagnetic
force is inversely proportional to the 4th mode of the spatial order, the contribution of the first

2970 JOURNAL OF VIBROENGINEERING. DECEMBER 2018, VOLUME 20, ISSUE 8



2973. VIBRATION MODE ANALYSIS OF MULTI-DEGREE-OF-FREEDOM PERMANENT MAGNET SYNCHRONOUS MOTOR.
ZHENG L1, QIUSHUO CHEN, PENG GUO, QUNJING WANG

four orders model electromagnetic force to the vibration and noise is usually considered.

It can be seen from Figs. 5 to 6 that the modal deformation of the stator shell is matched with
the force wave distribution of each order. Here, the 3rd order model is intercepted, and the 3rd
order modal parameters of the stator are obtained, as shown in Fig. 7.

f=1482.5 Hz Surface: Displacement (mm) f=2457.2 Hz Surface: Displacement (mm)
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1 3:5
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Fig. 5. The 1st mode of stator Fig. 6. The 2nd order mode of stator

f=4762 Hz Surface: Displacement (mm)
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Fig. 7. The 3 order mode of the stator

4.2. Influence of electromagnetic force on vibration modes

During the operation of the motor, the constraints in the surface of the stator shell are naturally
formed after the coils are energized. The influence of coil winding on the modal frequency of the
motor has been a difficult problem in the modal analysis of the motor. The electromagnetic force
generated by the coils will also have some influence on the modal deformation of the motor stator
[20, 21].

The whole motor is different from the natural frequency of the stator shell, so only the modal
analysis during the operation of the motor is needed to see the displacement and deformation of
the stator shell and compared with the modal analysis of single stator shell. The vibration
displacement of the surface of the spherical shell can be calculated by modal superposition method
[22]. The amplitude of m-order vibration displacement is generated by radial force wave of the
space m-order, which can be expressed as Eq. (7):

DsiLstk
A = Trnﬁ%Prmh , (7

where Dy; is the stator diameter and M is stator quality; B, is the amplitude of radial force wave
in space m order; f,, is the modal frequency of the stator m order mode; h,, is a structure
amplification factor, which can be expressed as Eq. (8):
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1
h,, =
212 2 8)
1= (£)] + [2en ()
[ f ] P \Fon
Here, the order ¢,, is the m-order modal damping, and f is the m-order electromagnetic force
frequency.

There are the modal deformation diagrams of the stator shell and the core coils when the motor
is running, as shown Figs. 8 and 9. Compared with Figs. 5 and 6, it can be seen that the modal
response of the first three orders of the spherical shell is the inherent and overall characteristics of
the elastic material under without any constraint. Through the finite element method, the main
modal characteristics of its structure material are derived for the stator shell without external force
effects. When the coil is electrified, the stator shell will be affected by the electromagnetic force,
so it is necessary to study the modal changes of the stator in the operation process.

As shown in Fig. 8, the first order mode of the whole motor is shown. It can be seen that the
natural frequency of the motor is about 1760 Hz. From the deformation distribution, it is found
that in the 1st order mode of the motor, the stator has a great influence on the modal frequency of
the model. The deformation of the stator core and the coils is small, most of which are concentrated
in contacting with the stator shell. It also shows that the motor does not have electromagnetic
resonance at this frequency.

f=1769.5 Hz Surface: Displacement (mm)

\
|
| ~ 14
| 2
1 I 1 1.2
l [~ o 1
-1 0.8
2
0.6
2 0.4
0
2 0.2

Fig. 8. The 1st order mode in operation

As shown in Fig. 9, the 2nd order mode of the motor under operation is shown. Compared with
the 1st order mode, the stator shell and the iron cores have large deformation, and the iron cores
will also appear a certain deviation phenomenon. Because the cores and the frequency of the 2nd
mode of the stator shell are close to each other, and the 2nd modal frequency of the overall
structure of the motor is relatively low and more likely the electromagnetic resonance will occur
near that frequency, which will increase the stress and deformation of the motor.

f= 2673 Hz Surface: Displecement (mm) f= 4750 Hz Surface: Displacement (mm)
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Fig. 9. The 2nd order mode in operation Fig. 10. The 3rd order mode in operation
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Fig. 10 shows the 3rd order mode change of the motor. As can be seen the electromagnetic
resonance is eliminated when the motor runs and the frequency reaches to 4750 Hz. In this
frequency range, the force deformation of the motor cores and the coils are obviously greater than
the deformation of the stator shell.

5. Experimental and data analysis

Fig. 7 shows the 2nd order mode plane diagram of the stator. It can be seen that there are two
maximum points in the lower half part of the plane, which are respectively set to —90° and 90°.

The sensor and stator are combined to form an experimental platform, as shown in Fig. 11.
Using the force hammer to strike the stator shell, the vibration frequency and deformation
displacement on the stator shell are sent back to the computer by sensors.

Fig. 11. The experimental platform

The FEM data is imported into the calculation software and the simulated data is fitted. It can
be seen that the curve is approximately sinusoidal wave form. The positions are in £60°, and the
displacement can be reached to 2.8x10°° mm, as shown with the red line in Fig. 12.

When the change of the modal displacement of the stator shell is measured, 50 knocking points
are selected near the equator of the stator shell to knock on each exciting point. Through the sensor
connected to accelerometer and force hammer, every percussion point data and displacement
signal are sent back to the computer for data collection and processing. Since it is difficult to
ensure the size of the force each time when the force hammer is struck, only the excitation signal
with frequency of about 2400 Hz is selected. The data is analyzed and collected by using the
analysis system, as shown with the blue line of Fig. 12.

x10°
32 . .

sL —— FEM J
—— Experimentation

Displacement(mm)
N
N
T

100 -80 -60 -40 -20 0 20 40 60 80 100
Angle(°)

Fig. 12. Comparison of FEM and Experimentation
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6. Stress deformation of stator core

Since the coils are fixed on the stator of the motor by the stator cores, the electromagnetic field
will be generated after the coils are electrified. The stator core will be affected by the
electromagnetic force of the electromagnetic field and lead to the phenomenon of magnetostriction
in the core.

In order to predict whether the change of electromagnetic field will affect the normal operation
of the motor after the energization, the method of finite element simulation is used to test the
influence of electrifying coils on the motor. As shown in Fig. 13, the electric potential diagram of
the motor after the coils are electrified is given.

Surface: Voltage (V)

Fig. 13. The potential diagram

In order to obtain the force conditions of the claw type iron cores in the finite element
simulation, the influence of the electromagnetic and temperature on the claw type iron core
structure is studied. In the finite element simulation, the parts of the contact between the cores and
the stator surface are set as the boundary conditions, which is the fixed constraints. After the coils
are electrified, the stress caused by the claw cores of the motor and the displacement caused are
shown in Figs. 14 and 15.

Surface: Von Mises (N/m?) Surface: Displacement (mm)
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[ | g
| @ 0.8 | ks
~ . e oe oy 2
et i ’ e 15
0.4 . 2
L2 L i
0 0.2 g 05
2 0 2 0
Fig. 14. The distribution of equivalent stress Fig. 15. The displacement distribution

As can be seen from Figs. 14 and 15, the stress of the stator cores is mainly concentrated on
the center position of the iron cores and the position of the fixed coils. There are four supporting
points on the iron core of the fixed coil around the motor, and there is no support column in the
center, so the coils will be deformed when the coils are electrified. The maximum equivalent stress
on the iron core is 1.8x10° N/m?2. The position of the deformation produced by the force of the
motor cores is the same as the direction of the iron core with the stress direction. The maximum
displacement is only 5.44x10°° mm, which has little influence on the motor. Through a series of
simulation data, it can be seen that the stress of the stator cores is larger in the normal operation
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of the motor. Therefore, when the motor is optimized, it is necessary to increase the strength of
the stents, providing data guarantee for further motor design.

After the coils generate electromagnetic field under energizing, the change in the temperature
of the coil winding and the motor temperature rise phenomenon need consideration. Therefore, it
is necessary to study the influence of temperature change on the claw type iron cores of the motor.
As shown in Fig. 16, when the claw type iron cores are only changed by the temperature, the
deformation situation is approximately the same as the deformation of the stress under electrified,
concentrated on the central position of the cores and the position of the fixed coils. The maximum
equivalent stress is 3.61x10""! mm. The effect of coils heat production on the stress and
deformation of iron cores are in very small number during the operation of the motor.

Surface: Thermal Stress Tensor (mm)

2 X107
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° 4
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2 -4
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2
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2
Fig. 16. The deformation of thermal strain

7. Conclusions

This paper mainly focuses on the liquid suspension multi-DOF permanent magnet
synchronous motor, and introduces the structure and working principle of the motor. The motor is
modeled by the finite element analysis platform intuitively. Based on the three modules of
electromagnetic, solid mechanics and solid heat transfer, the modal analysis of the motor stator
shell is carried out, and the change pattern of the three modes is obtained. When the motor is
operated normally, the coils are electrified to produce the electromagnetic force. The modal
change diagram of the stator shell and core is observed with the operation state of the motor, and
the first three modals' changing are selected, and compared with the stator shell modal analysis
under static state. The results show that the electromagnetic resonance may occur in the low
frequency operation of the motor after the coils are electrified. In addition, the modal variations
of the stator cores and the coils are smaller, most of which are concentrated on the parts of the
stator shell. When the frequency is raised, the electromagnetic resonance is eliminated, and the
force deformation of the motor cores and coils are obviously greater than the stator shell.

On this basis, the experimental test of stator modal deformation is implemented. The
deformation and displacement of the stator are monitored by hammering method and sensor, and
the deformed data of 2nd order model at the equator. When the data is connected in a curve, it is
approximately as the sine curve, which is consistent with the data obtained by the FEM to verify
its accuracy.

In the case of the coil is electrified, a simulation about certain stress and the deformation of
the motor structure is carried out. The results show that the deformation and displacement of the
coils are not obvious, but the stress of the stator core is large. Therefore, the strength of the stents
should be increased for the motor design. The results of calculation and analysis provide
theoretical basis and data for the optimal design and control of the motor.
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