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Abstract: High-speed permanent magnet synchronous motors (PMSMs) are usually started with the
hybrid low-speed open-loop and high-speed closed-loop control mode. However, low-speed open-
loop control produces large starting current, or even current overload, resulting in demagnetization
and motor damage. Therefore, there is an urgent need to develop a high-speed permanent magnet
synchronous motor with self-starting ability at low speed, that is, a permanent magnet hysteresis
motor (PMHM). This paper takes the permanent magnet ring hysteresis column rotor structure
as the research object. Firstly, the performance of this type of rotor is improved using the micro
level of effective layer material AlNiCo, and the mechanical properties of AlNiCo are calculated.
Secondly, based on the thick-walled cylinder theory, the analytical model for calculating the strength
of the composite rotor considering the temperature effect is deduced, and the tangential and radial
stress distribution for each part of the rotor under no-load and load conditions are obtained. Then,
the electromagnetic losses and temperature field distribution of the rotor are obtained using the
magneto-thermal bidirectional coupling finite element method. Finally, strength of the thermal
rotor is analyzed by substituting the temperature rise curve function and AlNiCo parameters at the
operating temperature. The comparison of the stress calculation results of the semi-analytical solution
and the finite element method showed that the error between both of them is less than 5%, which
verified that the semi-analytical solution can accurately analyze the thermal stress distribution of the
rotor during high-speed rotation.

Keywords: permanent magnet hysteresis motor; composition design; magneto-thermal bidirectional
coupling analysis; strength

1. Introduction

High-speed permanent magnet synchronous motor (PMSM) is one of the most impor-
tant energy recovery or drive unit, which has attracted much attention because of its simple
structure, high power density, no excitation loss and high efficiency [1–4]. PMSM is the key
to develop high-end energy power equipment such as hydrogen fuel cell air compressor,
flywheel energy storage and micro gas turbine. However, factors such as the rotor with
no starting winding, the existence of permanent magnet braking torque, and foil-bearing
preload cause starting difficulties for the motor [5,6]. In reference [7], a sensorless control
strategy was used to control the drive of a permanent magnet synchronous motor (PMSM).
A sensorless stator resistance tracking strategy based on switching PI control based on
MRAS observer was proposed. Meanwhile, a double closed-loop FLC was designed to
control speed and current to improve the response performance of speed regulation and
the accuracy of command voltage. As the high-speed permanent magnet rotor has no
salient pole structure, low-speed open-loop and high-speed closed-loop hybrid control
methods are commonly used for motor starting [8]. However, low-speed open-loop control
will produce large starting current and even current overload, causing permanent magnet

Machines 2023, 11, 931. https://doi.org/10.3390/machines11100931 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11100931
https://doi.org/10.3390/machines11100931
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://doi.org/10.3390/machines11100931
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11100931?type=check_update&version=1


Machines 2023, 11, 931 2 of 16

demagnetization and motor damage. The existing methods of asynchronous starting [9,10]
and closed-loop control starting [11] can only solve the starting problem for medium and
low-speed motors due to the limitation of rotor structure. Due to the problem of starting
current overload of high-speed rotors, the open-loop control mode of constant voltage
frequency ratio (V/F) or constant current frequency ratio (I/F) is not adopted in the low-
speed section [8]. Hysteresis ring can be added to the rotor to induce self-starting ability
in low speed [12,13]. This kind of permanent magnet synchronous motor with hysteresis
structures, that is, permanent magnet hysteresis motor (PMHM), has the advantages of
both the high starting torque of the hysteresis motor and the high power factor of the
permanent magnet synchronous motor. This structure avoids the complex rotor position
detection and control technology in the low-speed section, enhances the reliability of the
system, and reduces the cost and pulsating torque of the whole machine [14]. However,
due to factors such as very low-force density and insufficient starting torque, the radial
rotor structure is prone to slip. And the strength of the hysteresis ring is not high enough
to limit the high-speed applications. Therefore, to ensure rotor strength, there is an urgent
need to solve the problems associated with the rotors of high-speed PMHM slip due to
insufficient starting torque.

Scholars have proposed three rotor structures: block permanent magnet hysteresis
ring rotor I [15,16], spherical permanent magnet hysteresis ring rotor II [17], and block
permanent magnet hysteresis disk rotor III [13]. For rotor I, under the speed of 3000 rpm,
hysteresis loop can avoid complex control and enable the rotor to start itself. During
steady-state operation, there is less heat dissipation and low power loss because of no-slip
power loss. For rotor II, the shape and position of permanent magnet are different from
those of rotor I. Under a rated speed of 50,000 rpm and a rated torque of 0.09 Nm, the
starting torque for rotor II can reach 0.3 Nm, and the starting multiple is as high as 3.3,
in which the experimental results prove that the permanent magnet hysteresis hybrid
rotor structure is feasible for the starting of high-speed PMSM. However, it is easy for the
rotor to slip during self-starting, and the ratio of permanent magnet to hysteresis ring is
not clarified when the motor performance is optimal. In rotor III, that is, hysteresis disk
rotor structure, the starting characteristics and synchronization capabilities are good; it
has already been mentioned that the development of semi-hard magnetic materials can
improve the power range of the motor. Due to the small moment of inertia, the high peak
torque and locked torque, and the low strength of the hysteresis ring material for the motor
rotor, it is only suitable for low speed operation. The volume of permanent magnet and
hysteresis disk in the disc rotor structure is large. Thus, this disc structure is not the best
choice for high-speed motors considering the economy of permanent magnet or the lack
of rare earth elements. Based on the above analysis, it is found that the rotor structure of
PMHM is very important for the starting characteristics of the motor. Therefore, in this
paper, the hysteresis column made of semi-hard magnetic material is used to replace the
rotor shaft, that is, the permanent magnet ring and the hysteresis column structure.

It is universally acknowledged that eddy current and hysteresis loss of the rotor
are determined by the conductivity and hysteresis characteristics of the material itself,
which are closely related to the morphology and structure of the material. At present,
the Al-Ni-Co material is commonly used in the rotor effective layer, but its eddy current
loss is large, and there are holes and cracks at the phase interface [18,19], so its strength
and hysteresis characteristics cannot be directly applied to the high-speed motor rotor.
However, the development of high-speed PMHM has higher requirements for hysteresis
materials including high hysteresis characteristics, higher strength, and lower eddy current,
which are difficult to meet using the existing magnetic materials. The existing magnetic
material, Al-Ni-Co permanent magnet alloy [20], which is commonly used in hysteresis
ring, has a very good temperature stability (αT = 0.02× 10−2·°C−1) and a high operating
temperature of 500 ◦C. Although its magnetic property is lower than those of rare earth
permanent magnet materials, its outstanding magnetic stability makes it irreplaceable in
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the application of aerospace and other fields, especially for high-precision and high-stability
equipment and instrument.

At present, in the rotor structure of permanent magnet motor, the permanent magnet
mostly uses sintered NdFeB or sintered samarium cobalt material, which has high compres-
sive strength, but the tensile strength is too low to withstand the demands of high-speed
motors. Several research has been conducted on the theoretical analysis of rotor strength,
mainly on the establishment of stress analytical models to optimize rotor structure. Ref. [21]
investigated the effects of fit tolerance on the strength of permanent magnet and protection
sleeve, but the stress distribution of the whole rotor was not considered in the analysis.
Zhang [22] studied the influence of different protective sleeves on stress distribution using
an analytical method. Chen [23,24] established a rotor stress analytical model based on the
plane stress problem for a high-speed surface-mounted permanent magnet synchronous
motor rotor, and then analyzed the relationship between speed, protective sleeve thickness,
fit amount and rotor strength.

However, the above studies did not take into account the influence of rotor tem-
perature rise on stress. Aiming for the development of a three-layer rotor structure, an
analytical model of rotor strength considering both temperature field and rotor loss was es-
tablished [25–27], but it did not consider the influence of coupling field. N. Hanappier [28]
calculated the solid-thermal coupling field of the motor rotor using the basic principles
of continuum mechanics and thermodynamics. Then, the electromagnetic field and the
temperature field distribution of a permanent magnet motor based on the magnetic-thermal
coupling analysis method was calculated. Reference [29] calculated the electromagnetic
field, temperature field and stress field of the motor via unidirectional coupling. Although
the coupling analysis of the electromagnetic field, temperature field and stress field have
been carried out in the above studies, they are all two-field coupling or three-field unidirec-
tional coupling calculation. Under high temperature conditions, the error of calculation
results of electromagnetic field and temperature field is large. This is very harmful to
the structure design of the motor. The research object of this paper is the four-layer rotor
structure, as shown in Figure 1. Firstly, the composition design and temperature stability
should be analyzed from the requirement of the rotor effective layer material AlNiCo at a
micro level. Secondly, the magnetic-thermal bidirectional coupling strength of the rotor
should be calculated considering dynamic elasticity modulus and Poisson’s for the AlNiCo
material under the actual operating conditions.
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Figure 1. Rotor structure of PMHM.

2. Temperature Stability Calculation of AlNiCo

AlNiCo, which is used in a hysteresis motor, has very good temperature stability
and high operating temperature [30], and this outstanding magnetic stability is especially
suitable for high-precision high-stability equipment and instruments. In order to meet
the requirements of high-speed PMHM with self-starting ability at low speed and with
low eddy current at high speed, we need to improve the properties of the material itself.
When the motor runs stably, the rotor temperature is within 300 ◦C; hence, the thermal
properties of the improved AlNiCo material will be calculated as the physical parameters
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of the hysteresis material for rotor strength analysis. The first 300 ◦C physical parameter
values such as density, Poisson’s ratio and elastic modulus are selected, and then the middle
values are subjected to approximate processing, which provides reliable data for motor
strength calculation.

An appropriate amount of Ti and Nb elements is added to AlNiCo to improve the
coercivity of the material [31], and a small amount of Si and Zr is added to reduce the
critical cooling rate of the material [32]. The AlNiCo ratio adopted in this paper is based on
AlNiCo8 which has high coercivity; its composition is shown in Table 1. It can be seen that
the Fe content of the improved AlNiCo composition is higher than that of the traditional
AlNiCo. It is because the improved material also contains an insulating Fe-coated element.
At the same time, in order to reduce the content of FeCo phase generated by the reaction of
Fe and Co elements, it is necessary to reduce the content of Co in the component.

Table 1. Improved AlNiCo permanent magnet alloy composition.

Component Al Ni Co Cu Ti Si Nb Zr Fe

AlNiCo8/wt% 7 14 35 4 5 0 0 0 35

Improved AlNiCo
/wt% 7.5 17.45 25.5 3.8 4.5 0.5 0.8 0.45 39.5

After phase calculation, the relationship between phase transformation and heat
treatment temperature of the improved AlNiCo alloy is obtained, as shown in Figure 2. In
this figure, the combination of α1 and α2 is the BCC phase, in which α1 mainly contains Fe
and Co elements, while α2 contains a small amount of Cu, Al, Ti and other elements. γ′ and
γ′′ are mainly composed of Ni, Al, and Ti elements. The γ′ and γ′′ phases are face-centered
cubic structure, in which the content of Fe element can be as high as 55~60%, and it also
contains a small amount of Ti, Ni, Co and other elements. The G phase mainly contains
Ni, Nb, and Si elements, and a small amount of Fe and Ti, and tiny amounts of Co. The
η phase mainly contains 80% Ni and 22% Ti, and tiny amounts of Co, Cu, Fe and other
elements. According to Figure 2, γ phase is precipitated between 750 ◦C and 1200 ◦C. To
avoid the formation of this phase, 730 ◦C was selected as the heat treatment temperature.
The relationship between phase transformation and temperature after heat treatment is
shown in Figure 2b. It can be seen that the improved AlNiCo material contains 50% BCC
phase, 38% NiAl phase, 9% γ′′ phase, 3% γ′ phase and a small amount of G phase under
730 ◦C.
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Figure 2. The relationship between alloy phase content and temperature: (a) before heat treatment;
(b) after heat treatment.

Figure 3 shows the relationship between the mechanical properties and the operating
temperature of the improved AlNiCo material. It can be seen that its density is 7.15 g/cm3

at room temperature, and it linearly decreases with the increase in temperature before
the liquefaction begins at 1100 ◦C. For the permanent magnet hysteresis column rotor,
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the actual operating temperature is less than 300 ◦C, as shown in the dotted box, and the
corresponding density is about 7.08 g/cm3. The variation trends of the elastic modulus
and the shear modulus are consistent with density; at 300 ◦C, the values are 170 GPa and
65 GPa, respectively. However, the change trend in Poisson’s ratio is the opposite. Before
the liquid phase appears, Poisson’s ratio linearly increases from 0.32 at room temperature
to 0.37 with the increase in temperature. During the production of the liquid phase, it
rapidly increases to 0.49, and remains at 0.49 after complete liquefaction.
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Figure 3. Relationship between mechanical properties and operating temperature for the improved
AlNiCo material: (a) density; (b) elastic modulus; (c) shear modulus; (d) Poisson’s ratio.

Thermal and electrical conductivities are two key parameters that have a direct im-
pact on the temperature distribution for each part of the permanent magnet hysteresis
column rotor. As shown in Figure 4a, the thermal conductivity of the material linearly
increases before 730 ◦C, reaching 35 W/m·K at 300 ◦C, which is 3.4% higher than that
at room temperature. The conductivity parabolically decreased before the formation of
the liquid phase. The conductivity is 3.3 × 106 1/Ω·m at room temperature, and it de-
creases to 1.3 × 106 1/Ω·m with the increase in temperature. At 300 ◦C, the conductivity
is 2.25 × 106 1/Ω·m, which is slightly smaller than the pre-designed value because the
insulation coating on the surface of pure iron is not taken into account in the calculation of
material properties.
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3. Structure and Strength Analysis of Permanent Magnet Hysteresis Column Rotor

The composite rotor structure, as shown in Figure 1, can be divided into thick-walled
cylinders and disks. Figure 5 shows the force model of the rotor plane. The outer surface of
the hysteresis column is subjected to a uniform distribution of contact pressure Pno. Carbon
fiber, permanent magnet, and alloy sleeve are the thick-walled cylinder structures. The
outer surface is subjected to a uniform distribution of contact pressure Pno, and the inner
surface is subjected to a uniform distribution of contact pressure Pni, where n is 1–3 or I–IV.
Under the influence of interference fit, the rotor has strain in all directions, which further
generates tangential and axial stress, and the axial stress has an effect on the radial strain
and tangential strain of the rotor.
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Figure 5. Mechanical model for the rotor: (a) disk; (b) thick-walled cylinders.

In order to describe the rotor strength more accurately, the temperature effect should
be considered in strength calculation. Hysteresis column, permanent magnet, and alloy
sleeve are regarded as isotropic materials, but carbon fiber is anisotropic. Different kinds of
material property parameters in the paper are defined, as shown in Tables 2 and 3.
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Table 2. Nomenclature.

Pni contact pressure (unit: N)
r radius (unit: mm)
n the subscript numbers
E modulus of elasticity (unit: Pa)
Er radial elastic modulus (unit: Pa)
Eθ tangential elastic modulus (unit: Pa)
∆T temperature rise of each part (unit: ◦C)
rni inside diameter (unit: mm)
rno outside diameter (unit: mm)

C1, C2 undetermined coefficients
u displacement (unit: mm)

Table 3. Greek letters.

α thermal expansion coefficient (unit: W/m2K)
αr radial thermal expansion coefficient(unit: W/m2K)
αθ tangential thermal expansion coefficient (unit: W/m2K)
ε strain
εr radial strain
εθ tangential strain
σ stress (unit: Pa)
ω angular velocity (unit: rad/s)
σθ tangential stress (unit: Pa)
σr radial stress (unit: Pa)
µ Poisson’s ratio

µrθ radial Poisson’s ratio
µθr tangential Poisson’s ratio
ρ material density (kg/m3)
δ suitable quantity (unit: mm)

According to the generalized Hooke’s law and thermodynamics, the physical equation
of rotor structure in Figure 5 can be expressed as{

εr =
σr
Er
− µθrσθ

Er
+ αr∆T

εθ = σθ
Eθ
− µrθσr

Eθ
+ αθ∆T (1)

After ignoring the axial strain of the rotor while considering the centrifugal force of
the rotor speed, the equilibrium differential equation of each part in the polar coordinate
system is

dσr

dr
+

σr − σθ

r
+ ρω2r = 0 (2)

The corresponding geometric equation is{
εr =

du
dr

εθ = u
r

(3)

By combining Equations (1)–(3), the displacement field u(r) of the rotor can be obtained.
Isotropic material:

u(r) =
C2

r
+ C1r +

α(µ + 1)
r

∫ r

rni

∆Trdr−
ρω2r3(−µ2 + 1

)
8E

(4)
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Anisotropic material:

u(r) = C1rk + C2
rk +

((αrµrθ+αθ)k2−αθ µθr−αr)
(

r−k∫ r
rni

∆Trkdr−rk∫ r
rni

∆Tr−kdr
)

2k

+
(αr+αθ µθr)

(
rk∫ r

rni
d∆T
dr r−k+1dr−r−k∫ r

rni
d∆T
dr rk+1dr

)
2k + ρω2(1−µrθ µθr)r3

Er(k2−9)

(5)

where k =
√

Eθ/Er, C1 and C2 are undetermined coefficients, and each part corresponds to
different expressions, which can be obtained according to the boundary conditions.

Substituting Equation (2) into Equation (1), the stress field of the rotor can be obtained.{
σr =

Er
1−µθrµrθ

[ du
dr + µθr

u
r − αr∆T − µθrαθ∆T]

σθ = Eθ
1−µθrµrθ

[ u
r + µrθ

du
dr − αθ∆T − µrθαr∆T]

(6)

The analytic expression of stress can be obtained by substituting the displacement
Equations (4) and (5) into the stress Equation (6).

Isotropic material:

σr =
(

E
−µ2+1 + Eµ

−µ2+1

)
C1 +

(
− E

r2(−µ2+1) +
Eµ

r2(−µ2+1)

)
C2 − αE∆T

1−µ

+
(
− α(µ+1)E

r2(−µ2+1) +
α(µ+1)Eµ

r2(−µ2+1)

)∫ r
Rni

∆Trdr +
(
− 3

8 ρr2 − 1
8 ρr2µ

)
ω2

σθ =
(

E
−µ2+1 + Eµ

−µ2+1

)
C1 +

(
− Eµ

r2(−µ2+1) +
E

r2(−µ2+1)

)
C2 − αE∆T

1−µ

+
(
− α(µ+1)Eµ

r2(−µ2+1) +
α(µ+1)E

r2(−µ2+1)

)∫ r
Rni

∆Trdr +
(
− 3

8 ρr2µ− 1
8 ρr2

)
ω2

(7)

Anisotropic material:

σr =
Er

1−µrθ µθr

{
C1(k + µθr)rk−1 + C2(µθr − k)r−k−1 − (αr + αθµθr)∆T + ρω2(1−µrθ µθr)(3+µθr)r2

Er(k2−9)

+
((αrµrθ+αθ)k2−αθµθr−αr)

(
(µθr−k)r−k−1∫ r

Rni
∆Trkdr−(µθr+k)rk−1∫ r

Rni
∆Tr−kdr

)
2k

+
(αr+αθ µθr)

(
(k+µθr)rk−1∫ r

Rni
d∆T
dr r−k+1dr+(k−µθr)r−k−1∫ r

Rni
d∆T
dr rk+1dr

)
2k

}
σθ = Eθ

1−µrθ µθr

{
C1(1 + kµrθ)rk−1 + C2(1− kµrθ)r−k−1 − (αθ + αrµrθ)∆T + ρω2(1−µrθ µθr)(3µrθ+1)r2

Er(k2−9)

+
((αrµrθ+αθ)k2−αθµθr−αr)

(
(1−kµrθ)r−k−1∫ r

Rni
∆Trkdr−(1+kµrθ)rk−1∫ r

Rni
∆Tr−kdr

)
2k

+
(αr+αθ µθr)

(
(1+kµrθ)rk−1∫ r

Rni
d∆T
dr r−k+1dr+(kµrθ−1)r−k−1∫ r

Rni
d∆T
dr rk+1dr

)
2k

}
(8)

To obtain the static pre-stress for each part of the rotor, the stress needs to be solved
using the following stress boundary conditions. The stress in the rotor structure is contin-
uous, so it can be assumed that the contact stresses from inside to outside, as shown in
Figure 5, are −P1, −P2, and −P3, respectively. The relation formulas are PIo = PI Ii = −P1,
PI Io = PI I Ii = −P2, and PI I Io = PIVi = −P3, respectively. Because the outer diameter of
the rotor is not restricted, it meets the condition of P3o = 0, PIVo = 0. The stress boundary
conditions of the rotor structure can be written as follows.

σIo = σI Ii = −P1
σI Io = σI I Ii = −P2
σI I Io = σIVi = −P3

σIVo = 0

(9)


uIo − uI Ii = δ1
uI Io − uI I Ii = 0

uI I Io − uIVo = δ2

(10)

The above boundary conditions are substituted into the stress and displacement
equations of each part, and then the undetermined coefficients C1, C2 and contact stress
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P1, P2, P3 of each part are obtained. The obtained contact stress is substituted into the stress
equation of each part to further obtain the analytical solution of the stress.

4. Magneto-Thermal Bidirectional Coupling Strength of Rotor

The overall model and assembly diagram of the motor used in the calculation are
shown in Figure 1. The parameters are as follows: the inner diameter of the stator is
18.5 mm, the outer diameter of the stator is 55 mm, the number of slots is 12, the number
of slot conductors is 20, and the polar logarithm is 1. In this structure, the permanent
magnet adopts a parallel magnetization mode. Firstly, the current load is inputted into
the PMHM, and then the rotor loss under load (50 A) and no-load (0 A) conditions are
calculated; the total loss distribution of the rotor after the smooth operation of the motor is
then obtained. Then, the loss is applied to the temperature field as a heat source, and the
temperature field results are iterated to the electromagnetic field through workbench for
the bidirectional coupling solution. By reducing the iteration error, the temperature rise
trend of the rotor can be calculated more accurately. Since the rotor temperature during
the stable operation of the motor is within 300 ◦C, only the performance parameters of the
AlNiCo material before 300 ◦C are selected, and the intermediate value is considered in the
strength calculation. The specific parameters are shown in Table 4.

Table 4. Material parameters.

Hysteresis Column Carbon Fiber Permanent Magnet Protective Sleeve

Er/Pa 1.6 × 1011 2.7 × 1010 1.08 × 1011 2.06 × 1011

Eθ/Pa 1.6 × 1011 4.56 × 1011 1.08 × 1011 2.06 × 1011

ρ/kg/m3 7500 1750 8300 8190
αr/

◦
C 11 × 10−6 22.5 × 10−6 9 × 10−6 11.8 × 10−6

αθ/
◦
C 11 × 10−6 0.02 × 10−6 9 × 10−6 11.8 × 10−6

µr 0.24 0.15 0.24 0.28
µθ 0.24 0.018 0.24 0.28

4.1. Loss Analysis of Magneto-Thermal Bidirectional Coupling

Taking the speed of 120,000 rad/min as an example, the interference fit for the com-
posite rotor with δ1 = 0.01 mm and δ2 = 0.06 mm was selected, as shown in Figure 5. When
it runs at 1.38 ms, the motor enters a stable operation state at the allowable temperature;
the magnetic density distribution under no-load and load conditions are shown in Figure 6.
Among them, the maximum magnetic density of 1.54 T occurs in the stator part at no-load;
in the rotor part, the maximum magnetic density of 0.99 T occurs on the permanent magnet.
The maximum magnetic density of 1.13 T in the rotor part also occurs on the permanent
magnet under load. For a pair of pole motors, the magnetic density is symmetrically
distributed. According to the B–H curve of the motor materials, the magnetic density of
each part does not reach magnetic saturation when the motor is running, which meets
the design requirements of the motor. The losses under the two conditions are shown in
Figure 7a,b, respectively. The rotor losses are concentrated in the outer metal sleeve due to
the skin effect.
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Figure 6. Magnetic density distribution of the PMHM: (a) no-load; (b) under load.
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Figure 7. Loss distribution of the PMHM: (a) no-load; (b) under load. (c) topography of (a).

The bidirectional coupling of the electromagnetic field and the temperature field is
solved, and their distribution under two working conditions is obtained, as shown in
Figure 8. Due to the cooling of the outer surface of the rotor after being in contact with
the air, change in the temperature gradient mainly occurs in the metal protective sleeve of
the rotor, while the temperatures of the hysteresis column, carbon fiber, and permanent
magnet are almost the same. The average temperature of the rotor under no-load is about
26 ◦C, while it reaches about 160 ◦C under load. Under the same working condition, the
temperature gradient error, calculated using the electromagnetic field and the temperature
field, is about 0.7%.
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Figure 8. Temperature distribution of the rotor under different conditions: (a) no-load for electromag-
netic field; (b) no-load for temperature field; (c) under load for electromagnetic field; (d) under load
for temperature field.

In order to obtain the analytical solution of the strength under the magnetic-thermal
bidirectional coupling field, the unit loss density converted by the rotor loss, varying
with the current magnetic field position, is uniformly applied to the rotor. The heat
transfer coefficient of 100 W/m2K is selected, and the room temperature is set to 22 ◦C
for the coupling field solution. The calculation results are shown in Figure 9. Compared
with the temperature field distribution changing with the magnetic field position, the
homogenization loss method reduced the overall temperature by 4.3%, which proves that
this method is feasible. In Figure 9, the fit of the curve of the rotor temperature field is
shown. To obtain the corresponding temperature rise curve function, ∆T under no-load
and load is calculated, as shown in Equations (11) and (12), respectively. The stress can
be obtained by substituting the temperature rise function into the stress analytic formula.
Similarly, in the finite element method, the simulation value of rotor stress distribution is
obtained by adding the rotor temperature distribution into the strength analysis module as
a load for thermal-structural coupling analysis.

∆T = (T − 22) =


1.85 (0 ≤ r ≤ 0.012)
−1.626r2 − 0.6059r + 1.86 (0.012 ≤ r ≤ 0.015)
−6067r2 + 181.1r + 0.5 (0.015 ≤ r ≤ 0.017)

(11)

∆T = (T − 22)


143.93 (0 ≤ r ≤ 0.012)
−7984r2 + 187.6r + 142.8 (0.012 ≤ r ≤ 0.015)
−233600r2 + 6961r + 92 (0.015 ≤ r ≤ 0.017)

(12)
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Figure 9. Temperature distribution of the rotor: (a) no-load; (b) under load.

4.2. Rotor Strength under No-Load and Load

Taking the rotor with the same interference fit for δ1 = 0.01 mm and δ2 = 0.06 mm
and speed of 120,000 rad/min as the analysis object, the thermal stress of the motor rotor
under electromagnetic action is analyzed. Figure 10 shows the radial and tangential stress
distribution of the rotor under no-load and load conditions. The comparison of the thermal
stress of the rotor obtained with the analytical method and the finite element method is
shown in Figure 11. Due to the influence of the two-layer interference fits, the whole rotor is
under radial compression stress, which is more conducive to protect the hysteresis material
from damage. At the same time, under the action of pre-stress and centrifugal force, the
rotor has a peak at the interference fit.
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Figure 10. Stress distribution of the rotor under different working conditions: (a) no-load radial force;
(b) no-load tangential force; (c) load radial force; (d) load tangential force.
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Figure 11. The stress values for each part of the rotor under two working conditions: (a) hysteresis
column; (b) carbon fiber; (c) permanent magnet; (d) protective sheath. Symbol descriptions in (a–c) is
the same to that in (d).

As shown in Figure 11a, with the increase in the radius of the hysteresis column, the
stress difference between the conditions under no-load and load increases continually; the
maximum difference is 70 Mpa, which is caused by the temperature difference of 140 ◦C
between the two conditions. The two kinds of stresses increase with the increase in the
radius of the hysteresis column due to the influence of pre-stress and thermal expansion of
the material. In addition, the radial and tangential stresses at the rotor center are −25 MPa
and −90 MPa, respectively, which is due to the fact that tangential driving force is greater
than centrifugal force. As shown in Figure 11b, since carbon fiber is an anisotropic material,
its tangential and radial stresses g vary greatly at the inner diameter, whether it is loaded
or unloaded. Taking the analytical solution of load as an example, the amplitude change
of radial stress is about 70 MPa, and the amplitude change of tangential stress is nearly
twice that of radial stress, which is because of the fact that the tangential elastic modulus is
much larger than the radial elastic modulus. Under the high speed 120 kr/min condition,
the interference fit between the carbon fiber and the hysteresis column is 0.01 mm, which
increases the pre-stress of the hysteresis column. Therefore, the whole hysteresis column
presents a compression state, and its stress direction is opposite to that of the carbon fiber.
The carbon fiber sleeve presents a state of radial compression and tangential tension as
a whole, and the stresses in two directions decrease with the increase in radius which
yields the minimum value at the outer diameter. Under the two working conditions, the
error of the semi-analytical solution and simulation results of the tangential stress for the
carbon fiber is less than 6%, among which the error is the largest under load. On one
hand, the carbon fiber is regarded as a whole in modeling, which is different from the
actual laminated winding. On the other hand, due to the influence of thermal expansion
coefficient and elastic modulus at high speed and high temperature, the tangential stress
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error becomes larger. According to the above analysis, both material strength and the
temperature gradient errors meet the engineering design requirements.

As shown in Figure 11c, the radial compressive stress of the permanent magnet
increases with the increase in the radius in the range of −20 MPa~−60 MPa, and reaches
the maximum value at the outer diameter. The inner diameter of the permanent magnet
needs to bear the stress caused by the deformation of the carbon fiber. At the same time, the
outer diameter is constrained by the sleeve, resulting in the decrease in tangential stress,
with the radius under no-load and load conditions in the range of 40 MPa~10 MPa and
52 MPa~23 MPa, respectively.

As shown in Figure 11d, the maximum tensile stress of the rotor appears in the
protective sleeve, and the tangential stress decreases with the increase in radius. The
ranges of change are 850~800 MPa and 800~750 MPa under no-load and load conditions,
respectively. This is mainly because the protective sleeve as the outermost structure of the
rotor needs to bear large centrifugal force inside, resulting in huge tangential tensile stress.
In addition, the different ranges of stress variation under the two conditions indicates that
the influence of temperature rise on the tangential force of the protective sleeve cannot be
ignored. The difference of the radial stress between the two conditions is about 20 MPa,
and it gradually decreases with the radius until 0. This is because the outer diameter is not
subjected to any constraints, and there is interference fit at the inner diameter. According
to the tensile strength (1390 MPa) of the selected material Inconel718 and the first strength
theory, the tensile stress of the protective sleeve can meet the requirement of the strength of
the material.

In summary, the error between the semi-analytical solution and the finite element
result is very small, which verifies the correctness of the proposed analytical method of
magneto-thermal bidirectional coupling strength. The two-layer interference fit design
introduced in this paper has played a certain role in protecting the hysteresis material while
ensuring the continuity of stress. Under both conditions, each material used in the rotor
meets the allowable strength criterion, and ensures that the motor can operate safely.

5. Discussion and Conclusions

To solve the problem associated with the lack of starting winding in the rotor of high-
speed PMSM, a rotor structure with a permanent magnet hysteresis column is proposed
in this paper. Considering the low tensile strength for both the hysteresis and permanent
magnet materials, the strength of the hysteresis material and the composite rotor are
respectively studied to analyze if the motor rotor can ensure the operation strength at the
rated speed of 120,000 rad/min. The main conclusions are as follows:

(1) The composition of the existing AlNiCo is improved, and the soft magnetic phase
is pretreated with insulation coating technology to reduce the high-frequency eddy current
loss. After obtaining the thermodynamic calculation results, the heat treatment temperature
is determined to be 730 ◦C, in order to avoid the precipitation of harmful components.
The relationship between the properties (mechanical properties, thermal conductivity and
conductivity) and the working temperature of AlNiCo is analyzed. The physical parameters
of the motor at the highest possible operating temperature of 300 ◦C are obtained, which
provide a basis for the strength analysis of the hot rotor.

(2) Based on the thick-walled cylinder theory, the analytical model of composite rotor
strength considering temperature rise and high-speed centrifugal force is derived. The
magnetic-thermal coupled finite element method is used to study the rotor loss distribution
and the temperature field distribution under no-load (0 A) and load (50 A) conditions,
respectively. The obtained temperature function is put into the rotor stress field for calcu-
lation, and the stress values of the semi-analytical method and the finite element method
are compared and analyzed. The error is within 6%, which verifies the correctness of
the semi-analytical method. According to the first strength theory, the materials used in
the rotor can meet the strength requirements, confirming the feasibility of the permanent
magnet hysteresis column rotor structure.
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