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Abstract. This paper presents a novel fluid damping based hybrid drive multi-degrees-of-freedom
permanent magnet motor. The structure and working principle of the motor is introduced. The
torque features are analyzed using both finite element method and analytical method. Based on
the thermal safety and thermal stability in the practical design of this motor, the thermal
characteristics with heat sources are calculated and simulated. By using FEA software to model
the heating status when the motor works under rated operation and high overload current
conditions, the temperature contours within the motor structure can be obtained. The fluid and
modal analysis are also conducted with numerical simulation. The research results validate the
reasonable structure design of this motor and can be the reference of structure optimization and
performance improvement indicators for this kind of motors.
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1. Introduction

Compared with the traditional multi-degree-of-freedom drive devices, the permanent magnet
multi-degree-of-freedom (m-DOF) motors have many advantages such as the compact space, high
system efficiency, high magnetic energy product etc. In recent years, great progresses have been
made on the research of the m-DOF permanent magnet motor, but the research on the liquid
suspension of m-DOF motor is relatively few. In 2002, L. S. Stephens put forward a novel
self-suspension motor, which takes self-bearing technology to replace the traditional bearing and
uses the Lorenz force to produce a levitation force and torque. Then the analytic expression was
derived to calculate the electromagnetic force and torque by magnetic flux model, and the
electromagnetic force-rotor position-current curve were obtained, which was applied to the motor
prototype for verification [1]. Over the next few years, in China, the suspension technology is
applied to switched reluctance motor (SRM) by Li Zeng and so on, where the structure of the
motor were designed and analyzed from two aspects of mechanical and electromagnetic; 3D motor
air-gap magnetic density, torque and electromagnetic force analysis and finite element model was
established; a motor control system model based on fuzzy control algorithm to decouple solve
motor electromagnetic force and torque was established [2, 3]. In 2010, a new type of non-bearing
switched reluctance motor was proposed on the basis of the spherical switched reluctance motor
in Nanjing University of Aeronautics and Astronautics, which uses a double winding structure to
realize the levitation control [4]. Under the guidance of the relevant theory, non-bearing m-DOF
slice motors, Halbach array non-bearing permanent magnet motors have been developed, which
play arole to promote the application of fluid suspension technology in m-DOF permanent magnet
motor. The liquid suspension m-DOF permanent magnet motor uses the magnetic levitation
control technology to realize the motor rotor’s self-levitation. This design reduces the common
bearing friction, decreases the rate of mechanical vibration, torque ripple and magnetic
deterioration caused by the eccentricity of the rotor, and improves the efficiency, prolongs the
service life of the motor, which has a great reference value in the design and implementation of

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2017, VOL. 19, ISSUE 2. ISSN 1392-8716 1409


https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2017.17142&domain=pdf&date_stamp=2017-03-31

2399. TORQUE AND THERMAL CHARACTERISTICS ANALYSIS OF A FLUID DAMPING BASED MULTI-DEGREE-OF-FREEDOM MOTOR.
ZHENG LI, WEI NIE, RUODONG ZHI, ZENGTAO XUE, QUNJING WANG

this kind of m-DOF motors.

In the field of aerospace aircraft, radar, mechanical joints etc., this kind of motor has broad
application prospects. However, in the movement process of m-DOF motors, the frictional
resistance of mechanism between various components reduces the positioning precision of the
rotor, also generates the heat, reducing the work efficiency and even shortening the life of the
motor and so on. Therefore, for the operation of the motor, the introduction of the liquid
suspension to achieve the motor self-suspension control can avoid the influence of bearing factors
effectively. During its operation process, the motor’s temperature rise problem affects the security,
service life and reliability directly. For PM motors, the high temperature causes the irreversible
demagnetization of the permanent magnets as well as the damage of the internal sensor, which
should be paid more attention. Currently, the 3D modeling and simulation method is widely used
with the analysis of the permanent magnet motor's heating conditions. The low accuracy and the
limitations on the analysis of the distribution of whole motor’s temperature should be properly
treated in this method. In this paper, the model structure and working principle of the motor are
introduced initially, and then the analysis of the torque characteristics with the fluid damping mode
of the motor is carried out; finally, the thermal safety and working stability are calculated and
demonstrated. In order to derive the thermal safety and operation stability of this new PM 3-DOF
motor, the 3D simulation analysis is made based on the cases under rated operation and high
current overload status of the motor. This work focuses on the analysis of rising temperature under
different operating currents of this PM motor. The temperature contours clearly show the
temperature rising of each part of the motor and then verify the rationality of the structure design
of the motor and the heat conditions during the operation process.

Currently, the calculation method in motor temperature field includes the simplified formula,
the equivalent thermal circuit method, the equivalent thermal network method, the finite element
method and the finite difference method etc. [5]. The finite element method can change the
element unit size of the network based on the needs of research due to its flexibility [6, 7]. For
complex models, different boundary conditions and material properties can be flexibly operated,
which is intuitive and easy to analyze the simulation results. This is the most common thermal
analysis method for motors. With the rapid development of computer technology, there are many
software for thermal analysis based on the finite element numerical simulation, such as the finite
element simulation software ANSYS WORKBENCH for the fluid, electric field, magnetic field
and temperature field simulation analysis applications. In ANSYS WORKBENCH thermal
analysis module, the heat balance equation is established based on the first law of
thermodynamics, and the nodes are calculated by the finite element method and temperature, but
the heat conduction, convection and radiation heat transfer mode is analyzed [8-10]. Combined
with the features of the motor and the advantages of the finite element numerical analysis, this
research adopts ANSYS WORKBENCH to the steady and transient state thermal analysis module
to the PM motor thermal simulation.

2. Structure, working principle and torque characteristics of the motor
2.1. Structure of the motor

The m-DOF hybrid drive motor mainly includes the rotor, stator coil, damping fluid and rotor
shell. The rotor is hollow, whose inner surface is inlaid with permanent magnets. The permanent
magnet of the vertical position can complete a large-scale movement, and the permanent magnet
positioned at the end can realize an accurate fine tuning. The periphery of the rotor is surrounded
by cylindrical stator coil. The gap between the stator and rotor are sealed with liquid to adjust the
damping of the rotor movement. According to the structure which is mentioned above, the
assumption of a modeling process can be shown as following: 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
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the rotor magnetic poles which is nearby the coils. The magnetic field has less effects on rotor
magnetic poles which is not adjacent to the coils so that the magnetic field can be ignored; 4) the
magnetic material is isotropic medium. The structure of the motor is shown in Fig. 1, detailed
parameters are listed in Table 1.

Table 1. Parameters of the motor

Name Value
The stator outer diameter of the spherical shell / mm 53
Large range of movement of the permanent magnet outer diameter / mm 48
Large-scale movement of permanent magnet inner diameter / mm 38
Spherical outside diameter rotor / mm 50
Permanent magnet gap at all levels / mm 3

Fig. 1. Motor structure

2.2. Working principle of the motor

The N and S-poles in the PM rotor are distributed alternately. When the vertical or the
horizontal stator coils are energized, there is an interaction between magnetic field created by the
stator coils and vertical or horizontal permanent magnets, then it creates tangential force, which
will cause an eccentric motion of the rotor. However, the tangential force of the contrary direction
is used to complete the deflection of the motor.

When the rotor occurs deflection, the position-detection device located in the hollow part of
the rotor will make a real-time detection to the position of the rotor and then make a comparison
with the expected value. By tracking and controlling the currents of the stator coils in different
horizontal positions, the rotor can achieve a large-scale deflection.

When energized with particular direction and amplitude currents, the stator coils make the air
gap magnetic circuit change. Then, the deflected motion occurs with rotor slightly. By changing
the direction of currents in different coils, the rotor can achieve fine-tuning motion. The hybrid
operation mode of the motor can be realized by combining the large-scale deflection motion and
fine tuning.

2.3. Motor torque characteristics

The torque characteristics are essential performance in multi-DOF hybrid drive motor with
permanent magnet. The quality of torque characteristics is closely related with the structure of
rotor and stator, the current of winding and the size of the air gap. The torque of the motor can be
divided into large-scale motion torque and small-scale fine tuning torque, which compose the
hybrid and meet the demands of accuracy. In the simulation, a 100 ampere-turns magnetomotive
force is applied to the motor to implement the radial magnetization, then the torque characteristics
can be achieved according to the motor energized strategy [11-13].
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2.3.1. The large-scale motion torque of the motor

After energizing a group of stator coils with same polarity, the rotor rotates around the Z axis,
calculates the torque every 20°, the curve of the torque with a large-scale motion is shown in
Fig. 2. It can be seen from the figure that the torque is changing periodically when the rotor
completes a periodic motion, which has two positive and two negative maximum values. Periodic
distribution of torque is in accord with the permanent magnet field, and the maximum torque is
0.19 Nm. Combined with the energized policy of the motor, the motor can achieve a large-scale
deflection motion. According to the principle of motor deflection motion, and considering the
rotation of the motor and the large-scale deflection motion, the 3D curve of the torque
characteristics with large-scale motion is shown in Fig. 3.
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Fig. 2. Torque characteristic of the rotation Fig. 3. The torque characteristics of
torque characteristics large-scale motion

2.3.2. Fine-tuning drive torque

In the case of exerting 80 ampere-turns magnetomotive force to the controlled coils of the
fine-tuning movement and calculating the torque every 2°, energizing the coils positioned at the
end, the curve of torque can be seen from Fig. 4. The torque is 0.07 Nm when the motor is in the
initial position. While energizing different coils as the rotor rotates to 9°, the torque becomes
stronger; and when the rotor rotates to 15°, the torque returns to 0.07 Nm. Fig. 4 is the 3D diagram
of the motor torque characteristics, which is combined with the motor rotation movement. It is
easy to have a higher precision by applying the hybrid drive model which is combined with
fine-tuning motion and the large-scale motion of the motor.
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Fig. 4. 3D torque characteristics diagram

2.4. Analytical modeling of torque characteristics

Currently, according to different structures and principles of PM motors, the torque calculation
method can be divided into: a) Lorentz force law; b) Virtual displacement method; c) Maxwell
tensor method. This section will choose Lorentz force method to model and analyze the torque of
the motor.
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2.4.1. Torque calculation principles of the Lorentz force law

The torque principle of 3-DOF hybrid drive motor with permanent magnet is that the
electromagnetic force is created by the interaction between magnetic field of the stator generated
by the coil and the magnetic field generated by rotor permanent magnet, and the force can thus be
produced to drive the motor. The size and direction of the electromagnetic force of the stator coils
are relate to the position of the rotor magnetic poles and the currents of the stator coils, that is:

F=f@i%), (1

where X is the relative position of the stator energized coils and the rotor magnetic poles in a

spherical coordinate system, i is the currents of the stator coils. The vector of F along the
tangential direction of the rotor spherical surface can create a electromagnetic torque, which can

complete the 3-DOF motion. The vector of F along the radial direction can create the suspension
force. The torque generated by a single energized coil is:

T=FX# ()

The rotor permanent magnet of m-DOF hybrid drive PM motor interacts with the stator coils
which are energized. Under the condition of neglecting the saturation of magnetic circuit, the total
electromagnetic torque can be seen as a linear superposition of the vector which is generated by
the each coil. The total torque can be expressed as follows:

n
To= ) Folin D) XF, G)
k=1

where n is the number of energized coils; i), is current value of the stator coil k. Therefore,
establishing torque model can be divided into two processes, that is, torque modeling of a single
coil and torque modeling of multiple coils.

The torque calculation principles of the Lorentz force law can be expressed as follows:

F=f1dl><B, 4

where [ is the current applied to the current-carrying, dl is the length differential of
current-carrying. If each current element Idl has the same direction when applied the
electromagnetic force, the vector sum of the electromagnetic force can be converted into algebraic
sum. The further simplification is:

L
F =f IBsinédl, (5)
0

where 6 is the angle between the current-carrying conductor and the direction of magnetic field.
2.4.2. Lorentz force law torque model
2.4.2.1. Torque model of single coil

The single coil structure parameters, air gap magnetic field flux density and distribution are

closely related each other. Taking into account the special structure of the stator and rotor as well
as the distribution of air gap magnetic field, the torque modeling is operated in a spherical
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coordinates. The specific parameters are shown in Fig. 5.
Ry is the outer diameter of the stator coil, R; is the inner diameter of the stator coil. By using
Lorentz force law, the electromagnetic force created by the differential element d! of each coil is:

dF; = —1dl X B(r, 6, ¢) (6)
The torque created by differential element dl is:
dT; = re, X [—];rdrdedl x B(r,0, ¢)]. @)

Only the tangential electromagnetic force generated by the air gap magnetic flux density along
r can drive the motor, so it is needed to solve the radial vector of the air gap magnetic flux density.
Integrating Eq. (7), the torque of a single coil can be calculated as follows:

Eq ré1
T,=] ) f frz B.,(7,0, p)dldrde. )
o “é

This hybrid drive PM motor can achieve m-DOF deflection motion around the Z-axis as well
as the X-axis, Y-axis. Therefore, the torque model can be divided into the rotation torque model
and deflection torque model. The conversion between spherical coordinates and Cartesian
coordinate system is shown as follows:

x
rsin@’

sing = Y &)

cosp = =—
¢ rsinf

In spherical coordinates, eg; and e; are the local Cartesian coordinate system of the axis, as
is shown in Fig. 6.

_ Stator coil

& - Spherical
/’ rotor

Fig. 5. Stator coil Fig. 6. Spherical local Cartesian coordinate system

As can be seen, each unit under the spherical coordinates can be transformed into units under
the Cartesian coordinate system. The expressions are shown as follows:

x = rcosésinb;cos@; — rsincos¢pcosh;cos; + rsinésingsing;,
y = rcosésinf;sing; — rsinécos¢cosb;sing; — rsinésingcose;, (10)
z = rcosécosf; + rsinécos¢sing;.

Resolve the differential element dl along the local rectangular coordinates:

dl = rsin{dd)(cosd)e(pi - sin¢e9i), (11)
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where:
ey = —sing;e, + cosg;e,, (12)
eg; = Ccosf;cosg;e, + cosf;sing;e, — sind;e,. (13)

From the above expressions, it can be derived that the electromagnetic torque of the deflection
movement around the X, Y, and Z axis under the rectangular coordinates, which is shown as:

Ry r&1 p2m
T, = j .f J 773 B1,(6;, 9;, ¢, €)singsin;sinedpdrde, (14)
Ry Y& YO

R> &1 2m
Ty = —f f J- 773 B1,(0;, 91, ¢, €) (cospsing; + singcosh;cosg;)sinedpdrde, (15)
Ry Y&y YO

Ry, r&1 21
Ty = f J- f 773 B, (6;, 9;, ¢, €)(cosgpcosp; — singsind;sing;)sinedpdrde. (16)
Ry Y&y YO

From the obtained torque model created by a single coil, it is obviously that the size of the
torque is related to the distribution of the air-gap magnetic field, structure parameters of the stator
coil, and the relative position of the stator and rotor.

2.4.2.2. Torque model of multiple coils

In the case of ignoring the saturation of magnetic circuit, the total torque can be seen as a linear
superposition of the torque generated by single coils. When the number of the energized stator
coil is N, the expression of the resultant torque is shown as follows:

T3x1 = Tefaxn)nxs 17

where T, is the amplitude of the radial vector of the air-gap magnetic field:

T3><1 = [TxTyTz]T: (18)

Inx1 = U1]2---]N]T' (19)
fleZx"'fo

faxn = |fry fay - fuy |, (20)
flz fZZ”'sz

where [y« is the density matrix of current surface flowing through the coil.
Similarly, the rear coils also use the method that is mentioned above. The specific rear coils
are shown in Fig.7.

Coil
P

Fig. 7. The rear fine motion control coils
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2.4.2.3. Torque calculation results by analytical method

It is necessary to solve the electromagnetic torque which is created by single coil models,
because this torque component is an essential prerequisite of the total torque. The torque function
is related to 8and ¢@. The 3D spatial distribution of the torque is shown in Fig. 8 and 9.

0z - oF

. b,
T ————— 100
350 300 250 200 150 100 so o

a%)

(°) 200 100 0 100 o( 20X 300 &0 S0
Fig. 8. Rotation torque characteristics diagram Fig. 9. Deflection torque characteristics diagram

with analytical method with analytical method
2.4.2.4. Difference between two approaches

As shown in Fig. 3 and 8, the rotation torque around the Z-axis motor within a period of has
four extreme points, two peaks and two troughs. As shown in Figs. 4 and 9, the two figures are
both have one extreme point, it is obvious that the torque characteristics of deflection movement
are similar to the fine-tuning motion. Through the above analysis, it is concluded that the motor
can achieve a 3-DOF movement by controlling the coils with different positions.

However, there are some difference between these two approaches. The analytical modeling
of the motor rotation torque is implemented by solving Laplace’s equation in spherical
coordinates, at the same time, using MATLAB simulation software, the single coil produced
torque and the multiple coils produced torque of the motor are modeled, also obtaining the
relationship between the torque of the motor rotation and the rotation angle of the spherical
coordinate system. The analytical method has smaller computation workload, and it can directly
obtain the relationships between the performance of the motor and its structural parameters. The
end effect is ignored in the calculation process, and the boundary conditions are simplified,
therefore, it is difficult to get the effect of magnetic flux leakage on the electromagnetic torque of
the motor, as shown in Fig. 10.

TeBi(Nm)

‘9(‘;(:
Fig. 10. Comparison of rotation torque of 2 methods

3. Motor thermal analysis basic theory of temperature field
3.1. Heat transfer for the motor

Thermal conduction is ubiquitous in nature, the three forms of the heat conduction in the motor
is shown as follows: thermal conduction, thermal convection and thermal radiation [14-17].
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1) Thermal conduction is the process of energy transfer which is from high-energy particles to
low-energy particles. Fourier theorem illuminates that the heat on the isotherm surface in unit time
is related to the temperature gradient (space temperature change rate) on the isotherm surface in
the normal direction, i.e.:

q= —/lgrad?, ©3))

where q is the heat flux intensity, 4 is the thermal conductivity, grad is the temperature gradient,
the minus sign describes the direction. The temperature gradient is shown as follows:

_ 9T, 9T. oT-
= J4+—F4+— (22)
gradT axl+6Y]+azk'

where f, j, k is the unit vector along the x, y, z axis.

2)Thermal convection consist of two forms of energy exchange, one is the microcosmic energy
exchange which is created by molecular motion; the other is macroscopic energy exchange that is
created by energy exchange. There are many factors that affect the energy exchange, including
the shape of the object’s surface and the thermal characteristics of heat transfer medium, etc. By
summarizing the various situation of heat convection, the thermal density expressions is as follows:

q=a(T,-T), (23)

where a is the convective coefficient of the heat transfer, Tl is the surface temperature, Tz is the
medium temperature of heat transfer.

3) Thermal radiation is the energy that is released by the object under a certain temperature.
Different from the other two types of heat transfer, thermal radiation dose not require medium.
According to the Stephen-Boltzmann law, the transfer pattern of heat radiation can be
expressed as:

q = oTy, (24)

where T is the absolute temperature of the surface, ¢ is a constant of the Stephen-Boltzmann,
which is also known as black-body radiation constant, its value is usually 5.67x10% W/(m?-K4).

If the interaction between a little surface and a large surface that completely surrounds it
produces the net radiation heat transfer in the actual situation, the heat flow Q of the net radiation
can be shown as:

Q= gAG(Ts4 - Tsttr)’ (25

where A is the area of the little surface, ¢ is the exterior blackness (emissivity), its value is related
to the types of objects and the surface state, which is usually less than 1. Ty, is the temperature
of the large surface.

3.2. Mathematical model of temperature field

In this paper, the thermal analysis module of finite element simulation software ANSYS
WORKBENCH is used to analyze the steady state and transient state of the new type permanent
magnet motor. Compared with the steady-state simulation, transient analysis get the temperature
changes with time, but the loading of heat load is an ideal scheme in the simulation. Therefore,
the transient analysis method applied to the calculation of the motor heating is not mature for the
application.

The method used to solve thermal conduction equation is the temperature field method which
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is based on the numerical calculation. According the way of heat transfer, the thermal conduction
equation is:

PR LY i ) (26)
*gxz T gy T2,z TP T P e

where A is the coefficient of the derivative along different direction, p is the density, ¢ is the
specific heat capacity, T is the temperature, p is the heat production rate of unit volume.

The research method of the temperature field means a transform from the whole to the part,
from the macro to the micro. In the steady state temperature field, the heat conduction equation is
V2T + (p/A) = 0. The common boundary conditions can be divided into the following three
categories [18, 19].

1) The first kinds of boundary condition (The temperature boundary condition):

T(x,y,2)s, = Te. 27
2) The second kinds of boundary conditions (The heat flux boundary condition):

aT

_/1_
on

= qo- (28)

S2

3) The third kinds of boundary condition (The heat transfer boundary condition):

oA
1=

In =a(T —T,), (29)

S3

where T, is the given temperature on the boundary surface s, g, is the heat flow on the boundary
surface s,, 4 is the thermal conductivity, a is the coefficient of the heat transfer on the boundary
surface.

3.3. The basic idea of the finite element thermal analysis

Finite element software can handle the three kinds of heat transfer modes mentioned above,
and it also can analyze the phase change, internal heat source, contacted thermal resistance and
other issues. Generally, the basic idea of the finite element method comprise the following
[20, 21]:

1) Put forward a hypothetical. Make the continuous system divide into finite elements, then let
each element act as a node in the finite element system;

2) Build the interaction between unknown and nodes of each element. In the finite element
systems, each node has its own coordinates and the corresponding DOF. Besides, different nodes
have different DOFs;

3) Divide the elements according to certain conditions, then introduce the boundary condition
and construct equations to solve the unknown. The essence of the finite element thermal analysis
is to divide the continuous system with infinite DOF's into units with finite DOFs, so that it can be
solved easily by numerical method by idealized models.

3.4. Motor internal heating source

As a kind of complex energy conversion device, motors generate all kinds of losses during
movement. Most of these losses are transformed into the form of heat, thus make the temperature
increase. So, it is very important to ascertain and calculate the heat source in the process of
calculating the motor’s temperature rise. Generally, factors affecting the temperature of the motor
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include winding loss (copper loss), core loss and mechanical loss, etc. [22, 23].

1) Winding loss.

The object of the research is the PM motor whose rotor has no coils, so mainly the stator
windings generate the copper loss. The value of the copper loss with current is:

PcuZP]2=P0[1+ﬁ(T_T0)]2» (30)

where p, is coefficient of wire resistance when the temperature is Ty; T is the temperature; p is
the temperature coefficient; J is the current density.

2) Core loss.

For the PM motors, the iron loss includes eddy current loss and magnetic hysteresis loss, which
is created by the alternating magnetic field running through the stator core or PM rotor. In this
paper, the rotor of the motor is the permanent magnet, which is not configured with additional
power supply. However, there are also some harmonic from air gap magnetic field during the
operation, it also generates the eddy current loss. Compared with the stator loss, the rotor iron loss
is lower, so it can be ignored in the analysis. Generally, the first step is carry out the magnetic
field analysis and experiment because the calculation of the iron loss is more complex, then apply
the empirical formula to calculate the iron loss, the empirical formula is as:

Ppe = KyGpe, (31)

where K|, is the empirical coefficient; G, is the net usage of iron core.

3) Mechanical loss.

Mechanical loss mainly includes friction loss among the components of the motor, such as
friction loss of the bearing, ventilation loss and brush friction loss, etc. Usually, the result of the
calculation is always an estimate according to the empirical data or the experimental data, because
it is difficult to make a accurate calculation of the mechanical loss. In this work, the mechanical
loss is limited which has a less impact on the motor's temperature rise, so it can be ignored [24].

4. Motor thermal analysis model for FEA
4.1. Model building

In this paper, the 3D FEA model of thermal stability is used for calculating thermal
characteristics of the three DOF PM motor. The structure of the motor is complicated with two
layers. In order to observe the internal windings’ temperature rise clearly, local thermal analysis
with subdivision of the motor is considered necessary. Fig. 11 shows the solid pattern of the motor
and Fig. 12 shows the solid pattern of the motor after mesh setting.

Fig. 11. Motor model illustration
4.2. The boundary condition

The boundary conditions of computation domain of the model are set up before the thermal
analysis. In order to simplify the analysis process, there are some assumptions to the motor model:

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2017, VOL. 19, IsSUE 2. ISSN 1392-8716 1419



2399. TORQUE AND THERMAL CHARACTERISTICS ANALYSIS OF A FLUID DAMPING BASED MULTI-DEGREE-OF-FREEDOM MOTOR.
ZHENG LI, WEI NIE, RUODONG ZHI, ZENGTAO XUE, QUNJING WANG

1) ignore the thermal dissipation of the motor end components; 2) ignore the temperature effect
of the motor enclosure; 3) ignore the thermal conduction between permanent magnet and the rotor
shaft. Based on the above assumptions, the inner core of the permanent magnet rotor is exerted
with the second kind of boundary condition, which is also called insulation boundary condition,
and other model surface contacts with the outside is exerted natural convection boundary
condition.

Fig. 12. Model mesh diagram

4.3. Motor thermal parameters

The motor presented is an original multiple dimensional motion motor, whose rated current is
1.4 A. The main material of the motor includes silicon, copper wire, and NdFeB. Thermal
parameters of the material are shown in the Table 2.

Table 2. Thermal physical parameters of motor material

Material | Thermal conductivity W(m-'k)' | Specific heat capacity J:(kg'K)! | Density kg'm™
Silicon 23 448 7750
Cooper 400 386 8933
NdFeB 10 350 8300

5. The results of simulation and analysis
5.1. Temperature rise with rated situation

The initial temperature is set with 20 °C as the same of the environment temperature.
According to natural convection, the given thermal conductivity is without a cooling device. The
results for 3D contours of the motor heat distribution are shown in Fig. 13, and the local heat
distribution are shown in Fig. 14.

72771 Max
67476
62.162
56.887
51593
46.29%
41.004
35.709
30415

68. 981 Nax
4. 107
59.23

fd. 56
48,487
44,614
38.74

34. BET
29993

26.12 Hin .
25.12 Min
Fig. 13. Motor temperature distribution Fig. 14. Motor temperature distribution
of the large range motion part model of the fine tuning part model

From Fig. 13 and 14, it can be seen that the highest temperature of the motor is 72 °C without
a cooling device, the initial temperature increases from 20 °C to 25.1 °C. Obviously, the highest
part of temperature is in stator coil, which means the copper loss plays a major role in the motor’s
temperature rise. The difference between the stator and rotor’s temperature rise is that the air gap
between permanent magnets and stator coil is narrow, which makes the PM rotor has a distinct
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temperature rise.
5.2. Temperature rise with rated situation on different materials and environment

As mentioned above, the material of the motor is composed of silicon, cooper and NdFeB.
Taking into account different materials’ effects on the temperature field, the following changes of
the materials of the motor are listed as Table 3.

Table 3. Thermal physical parameters of motor materials

Material Thermal conductivity W(m-k)!' | Specific heat capacity J-(kg-K)! | Density kg-m"
Steel 50 448 7750
Cooper 380 386 8933
Structural Steel 60.5 3.50 8300

The settings of the ambient temperature and the initial temperature are also 20 °C, the heat
transfer coefficient of the motor under the condition of natural convection heat transfer has not
changed. The results for 3D contours of the motor’s large range motion part heat distribution are
shown in Fig. 15, and the fine tuning part heat distribution are shown in Fig. 16.

It can be seen that different materials play very important roles for the analysis of the thermal
stability of the motor, which is not only related to the highest and lowest temperature of heating,
but also affects the thermal conductivity. Similarly, when the environment changes, the
corresponding temperature will also changes.

T1.673 Nax
71,833 S naans
s T2.094
f0. 155 6E. 383
54.316 59, 673
48.477 51. 962
42,838 45, 252
36. 798 38.541
30,959 31,831
25.12 Kin 25.12 Xin
Fig. 15. Motor temperature distribution Fig. 16. Motor temperature distribution
of the large range motion part model of the fine tuning part model

5.3. Temperature rise with overload situation

Fig. 17 and 18 show the temperature of the motor which works under 1.5 times of rated current
situation without radiator, the maximum temperature is 78.1 °C, the minimum temperature is
40 °C, the temperature of the winding is higher than that of other components of the motor, the
temperature of PM rotor is also in a high level. It is clear that the copper loss is the main factor of
temperature rise in the case of overload operation.

72. 858 Nax 78.182 Max
69, 207 73939
65. 558 69.697
1. 908 65455
B8, 264
5. A4 61.212
50, 053 5687
43. 651 48485
40 Xin 44,242
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Fig. 17. Motor temperature distribution Fig. 18. Motor temperature distribution
of the large range motion part model of the fine tuning part model
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5.4. Temperature rise analysis

The permanent magnets with different temperature appear various magnetic properties, while
over high temperature may lead to magnetic weakness or irreversible demagnetization. In order
to ensure the stability and security of the motor, it is crucial to figure out the temperature changing
characteristics under different working conditions. Fig. 19 shows the highest temperature rise of
the motor in different working environment. It can be seen from the figure that the initial
temperature is 54 °C, while, as the rated current rises from 1.4 A to 3 A, the temperature has risen
to 65 °C. It indicates that with the increase of the current, the temperature rise gets worse, which
actually causes some effects on the operation stability of the motor.
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Fig. 19. Curve of the temperature with respect to different currents

5.5. Transient state thermal analysis

In the actual motor heating process, the material thermal conductivity and heat generation rate
and so on are nonlinear variables along with temperature and time, so it is not only need to analyze
motor in steady state at a given time, but also solve the transient change within a certain period of
time, which can obtain the instantaneous relationship of the motor heating along with time. In this
paper, the ANSYS WORKBENCH transient analysis module is used to simulate these transient
problems. In the process of transient analysis with finite element method, the first step is to
conduct nonlinear analysis about the iterative solving of convection coefficient and materials
parameters that include heat transfer coefficient, specific heat and density. Thermal load (heat rate)
of transient analysis is a nonlinear variable which is changing with time, so it is necessary to make
a load - time curve, thermal load changing time characteristics with time in the ideal model, which
is shown in Fig. 20. The abscissa represents time, ordinate is marked with loading, and inflection
point represents a load step in the curve, where each load step can be set with corresponding load
value by means of the gradient, the step or the automatic step change.

loading losling

step load

Eﬂ —

time

Fig. 20. Time varying heat load

time

The basic steps of transient state thermal analysis simulation in ANSYS WORKBENCH is
similar with steady state analysis, which needs to make the heat generation rate variable change
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with time. In order to save the time and the memory, the transient simulation time is set with
20 seconds, the number of simulation step is 20 steps, the calculation time is 1 hours 15 minutes
12 seconds. According to the heating condition of the motor’s winding, the time variable heat load
is set as the step change forms. From the simulation, the temperature rise of the motor at different
times are given in Fig. 21.

The Fig. 21 shows that motor heating is changing with time. In the trend of overall temperature,
the air-gap along the stator yoke and rotor permanent magnet spread outward from winding center
(at 1 s), which make the stator yoke and rotor permanent magnet without heat source also have a
certain temperature in the simulation. As the simulation time is short, there is a big difference
between the stator winding temperature and environment temperature, while, the difference
between the stator yoke and environment temperature is the least.
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Fig. 21. Motor temperature rise at different time
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Fig. 22. Changes of motor temperature with time
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Fig. 22 shows the two-dimensional curves where the maximum temperature and minimum
temperature in the motor model are changing with time. It can be seen from the figure that the
maximum temperature increases significantly as the simulation time goes by. The temperature
presents an upward trend at the beginning of the curve, and the stator winding temperature
increases quickly, the growth rate gradually slows down with time, which is close to a smooth
trend in the next 10 s. On the contrary, the motor’s lowest temperature grows slowly at the first
5's, and the curve is approximately straight. While, the growth rate of minimum temperature is
significantly accelerating after 5 s.

6. Fluid and modal analysis

The liquid oil film sealed between the stator and rotor shells of the motor plays an important
role in regulating the rotor of the motor. The oil film is attached directly to the surface of stator
and rotor, which has the same speed as the rotor, so the influence of rotor and stator can be ignored
when establishing the simulation model of oil film. Firstly, the oil film model is created, which is
imported into ANSYS FLUENT module to implement the fluid analysis. The pressure distribution
of the oil film surface between stator and rotor is shown as Fig. 23.

Pressure Pressure
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a) Pressure distribution of stator surface b) Pressure distribution of rotor surface
Fig. 23. Pressure distribution of liquid oil film

From the above figures, it can be seen the pressure of the contact surface between the oil film
and the rotor is less than that between the oil film and the stator. The pressure distribution is
inhomogeneous, whose maximum value is distributed in the center of the sphere model. After the
fluid analysis, the model is imported into ANSY'S Static-Structural module, where the force based
modal analysis of the spherical rotor is carried out. The force by oil film that exerted on the stator
shell can be shown in Fig. 24.
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a) Equivalent stress distribution of stator b) Total deformation of stator
Fig. 24. Pressure and deformation distribution of stator

Compared with the oil film pressure distribution, the equivalent stress and the total
deformation are gathered in the center of the stator. When the rotor rotates, the motor shell can be
deformed under the force or vibration. The deformation of the shell is shown as Fig. 25.

It can be seen from the figure that the maximum deformation is on the edge of the model, it is
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also means that the maximum deformation is in the center of the motor shell, and there is a
decreasing trend of the deformation from center to both sides.
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Fig. 25. Deformation of motor shell
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7. Conclusions

In this paper, by using the finite element simulation software for a fluid damping based
permanent magnet 3-DOF motor torque characteristics and heating situations are analyzed and
calculated. The analytic Lorenz method and 3D finite element method are used to analyze the
torque features of the motor in detail, and the results of comparative analysis verify the validity of
the application of these two methods. Under the rated conditions, the heating sources of high
current overload working status is mainly discussed, by establishing the calculation model of the
temperature field under different loading conditions, to solve the specific calculation results. The
calculation results show that, the motor in the rated working conditions within the highest
temperature is 72 °C, in a safe operating temperature range. To validate the rationality of the
design of the model, the stator coils are treated as the main heat source, which in turn shows that
copper loss in the motor. The heating effect by the motor's iron loss is not obvious. Due to the
permanent magnet rotor and the stator's iron core, the motor under the condition of large current
work status may lead to the temperature rise too high on the permanent magnet rotor, which affects
the stability. The fluid and modal analysis show the pressure distribution and deformation caused
by the fluid and electromagnetic forces, which may lead to the material damage, vibration and
motor performance variation. The results provide a basis and reference for the further design and
optimization of related kinds of motors or actuators.
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