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Abstract: In engineering application, the hot press assembly technology is often used to improve the
stability of the rotor structure, but the conventional design methods cannot effectively evaluate the
influence of this process on the rotor strength, which easily causes the rotor strength to exceed its
safety margin range, and seriously it will lead to the failure of the rotor structure. This paper takes
the cylindrical magnet surface-mounted high-speed permanent magnet synchronous motor rotor
as the research object. Firstly, the influence of the assembly pressing force on the rotor stresses and
interference is analyzed; then, comprehensively considering the assembly pressing force, speed and
temperature, the rotor strength’s design method with high structural stability is proposed. Finally,
based on the proposed method, the rotor strength of a 100 kW/30,000 rpm high-speed motor is
designed, and the feasibility of the design is verified by over-speed experiment.

Keywords: hot press assembly technology; assembly pressing force; rotor strength; over-speed
experiment

1. Introduction

Permanent magnet synchronous motor has the advantages of small volume, high
efficiency, and high power density, and is widely used high-speed motor, such as centrifugal
compressors, air compressors, blowers and flywheel energy storage systems. However,
the tensile strength of permanent magnet materials is low and easily damaged by high-
speed centrifugal force, so the rotor strength design of high-speed permanent magnet
synchronous motor is particularly important. According to the location of permanent
magnet on the rotor, the permanent magnet synchronous motor rotor mainly has two
different structures: surface-mounted and buried. Due to the strength limitation of silicon
steel sheets, the application of buried rotor in the high-speed field is relatively smaller than
surface-mounted rotor. In order to ensure the surface-mounted permanent magnet rotor
strength at high speed, the sleeve and permanent magnet usually adopt an interference
fit. If the interference is too small, the sleeve will loosen at high speed, and the permanent
magnet is easily damaged by centrifugal force; if the interference is too large, the sleeve
stress will easily exceed its maximum allowable stress, and there is a problem of assembly
difficultly. Therefore, the reasonable interference is very important to ensure the rotor
strength of high-speed motor.

Nowadays, the research on high-speed permanent magnet motor rotor’s interference
and strength has been relatively comprehensive. The analytical solution of the segmented
permanent magnet rotor strength was proposed in [1], and the impacts of speed, interfer-
ence and sleeve thickness on rotor strength were investigated. The analytical solution of
the solid cylinder permanent magnet rotor’s stresses, displacement and interference were
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proposed in [2], and compared with the results of finite element method, the analytical
formula proposed can accurately predict rotor’s stresses and displacement when high
speed and temperature rising were considered simultaneously.

The influences of speed, temperature rising on interference between permanent mag-
net and sleeve were analyzed in [3] by theoretical analysis and finite element method
respectively, and the author researched the impacts of speed on the contact pressure be-
tween permanent magnet and sleeve by finite element method. The 400 kW/10,000 rpm
high-speed permanent magnet generator for the waste heat power system’s turbine was
analyzed in [4] by the multiphasic coupling, and the variation of rotor stresses along with
interference and carbon fiber sleeve thickness was studied.

The influences of sleeve thickness, interference on rotor stresses under high-speed
cold state and hot state were analyzed in [5], and the author designed sleeve thickness
by comprehensively considering the rotor’s mechanical stresses, critical speed and unbal-
ance vibration response. The carbon fiber rotor stresses considering speed, temperature
and interference were resolved in [6] by the 2D isotropic model, and so as to ensure the
magnet and fiber’s structural integrity, glass fiber was used between magnet and carbon
fiber sleeve and at the two ends of magnet to avoid carbon fiber sleeve’s bend. Compre-
hensively considering the electromagnetic, thermal and mechanical characteristics, The
100 W/500,000 rpm permanent magnet generator for gas turbines was designed in [7],
and during mechanical analysis, the steel and titanium rotor stresses were compared at
23 ◦C and the interference of 15 µm for titanium but 10 µm for steel. The interference and
mechanical stresses of enclosure as well as permanent magnet were analyzed in [8], and
based on thick walled theory, the author presented the analytical method of mechanical
stresses and interference, which was in good agreement with finite element method.

Considering the mutual constraints of mechanical strength, rotor dynamics, me-
chanical losses and thermal field, the 100 kW/32,000 rpm high-speed permanent magnet
motor was designed in [9], and the author analyzed the rotor stresses’ variation along
with interference and the relation between sleeve thickness and interference. The design
method of coupling electromagnetic and mechanical is proposed in [10] for designing
the 200 kW/40,000 rpm high-speed permanent magnet motor, and the author designed
the minimum sleeve thickness of Inconel and Ti6Al4V by comprehensively considering
interference and the thickness of sleeve and permanent magnet.

Most studies do not consider the influence of the assembly technology on rotor
strength in engineering application. This paper will take the cylindrical magnet surface-
mounted high-speed permanent magnet synchronous motor rotor (Figure 1) as the research
object to study the rotor strength’s design method considering the influence of assembly
pressing force caused by the hot press assembly technology (Figure 2), which includes
the impact of assembly pressing force on the interference and the rotor stresses, while
taking into account the influences of speed, temperature rise and interference on the
rotor strength.
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Figure 1. Schematic diagram of cylindrical magnet surface-mounted permanent magnet motor’s
rotor structure.
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Figure 2. The cylindrical magnet surface-mounted permanent magnet motor rotor’s hot
pressing equipment.

2. Rotor Strength Design Considering Assembly Pressing Force
2.1. Analysis of the Influence of Assembly Pressing Force on the Rotor Strength

In order to facilitate researching the influence of assembly pressing force on the rotor
strength of the cylindrical magnet surface-mounted permanent magnet motor, combined
with the geometrical shape of the motor rotor, constraints and external forces, the forces
on magnet, sleeve and short shaft are analyzed by using the basic theory of the elastic
mechanics space axisymmetric problem, as follows [2]:

Based on the generalized Hooke’s law, the expressions of stresses and strain are
obtained as follows when only the assembly pressing force is considered: σr = E(εr + µεθ) + µ(1 + µ)P

1−µ2

σθ = E(εθ + µεr) + µ(1 + µ)P
1 − µ2

(1)

where σr and σθ are radial and tangential stress; εr and εθ are radial and tangential linear
strains, εr =

du
dr , εθ = u

r , u is radial displacement; E is elastic modulus; µ is Poisson’s ratio;
P is pressure on the end face of short shaft, which is from assembly pressing force and
related to the area of the end face.

Then, the second-order differential equation of displacement is obtained from the
equilibrium differential equation as follows:

d2u
dr2 +

1
r

du
dr
− u

r2 = 0 (2)

Therefore, the displacement u can be expressed as:

u = Mir +
Ni
r

(3)

where, Mi and Ni are undetermined coefficients, when i = h, u is the sleeve displacement;
when i = m, u is the magnet displacement; when i = z, u is the short shaft displacement.

Correspondingly, the expressions of radial stress and tangential stress are:
σr =

E
(
(1 + µ)Mi − (1 − µ)

Ni
r2

)
+ µ(1 + µ)P

1 − µ2

σθ =
E
(
(1 + µ)Mi + (1 − µ)

Ni
r2

)
+ µ(1 + µ)P

1 − µ2

(4)

Because of P = µ(σθ + σr), so the undermined coefficient Mi can be obtained:

Mi =
(1− 2µ)(1 + µ)P

2Eµ
(5)
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The undetermined coefficient Ni is determined by the boundary conditions of the
rotor’s various parts, and the coefficient will be different for different parts. The specific
analysis results are as follows:

• Sleeve: Because there is no force on the outer wall Rho of the sleeve, the coefficient Nh
in the sleeve stresses equation can be obtained:

Nh =
P(1 + µh)Rho

2

2Ehµh
(6)

• Magnet: Because the magnet is solid, there is no displacement at the inner diameter of
the magnet, that is um

∗|r=0 = 0 , so the coefficient Nm in the magnet stresses equation
can be obtained:

Nm = 0 (7)

• Short shaft: The boundary conditions of the short shaft are the same as the magnet, so
the undetermined coefficient Nz is also 0.

From the above analysis, it can be seen that when considering the assembly pressing
force, the displacement expression and stresses expression of the sleeve are:

uh
∗ =

P(1 + µh)

2Ehµh

(
(1− 2µh)r +

Rho
2

r

)
(8)

 σrh
∗ = P

2µh

(
1− Rho

2

r2

)
σθh
∗ = P

2µh

(
1 + Rho

2

r2

) (9)

The displacement expression and stresses expression of the short shaft and the
magnet are:

ui
∗ =

(1− 2µi)(1 + µi)P
2Eiµi

r i = m, z (10)

σri
∗ = σθi

∗ =
P

2µi
i = m, z (11)

The variation ∆δ of interference δ between magnet and sleeve is:

∆δ = uh
∗∣∣r=Rhi − um

∗∣∣
r=Rmo

= P(1+µh)
2Ehµh

(
(1− 2µh)Rhi +

Rho
2

Rhi

)
− P(1+µm)(1−2µm)

2Emµm
Rmo

(12)

The variation ∆δ0 of interference δ0 between short shaft and sleeve is:

∆δ0 = uh
∗∣∣r=Rhi − uz

∗∣∣
r=Rzo

= P(1+µh)
2Ehµh

(
(1− 2µh)Rhi +

Rho
2

Rhi

)
− P(1+µz)(1−2µz)

2Ezµz
Rzo

(13)

Therefore, when considering the assembly pressing force, the interference between
magnet and sleeve is δ + ∆δ, the interference between short shaft and sleeve is δ0 + ∆δ0,
and the Mises stress of each part will change from Equation (14) to (15):

σ =

√
1
2

[
(σri − σθi)

2 + (σθi − σzi)
2 + (σzi − σri)

2
]

(14)

σ =

√
1
2

[
((σri + σri

∗)− (σθi + σθi
∗))2 + ((σθi + σθi

∗)− (σzi + P))2 + ((σzi + P)− (σri + σri
∗))2

]
(15)

Based on the above analysis, it can be seen that the assembly pressing force will affect
interference and stresses of the rotor’s various parts, and the greater the assembly pressing
force, the more serious the influence. Besides, the influence is related to the structural size
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and material properties of the rotor. Therefore, in order to ensure design’s accuracy and
reliability of the rotor strength, the assembly pressing force must be included in advance.

2.2. Design Method

The assembly pressing force causes the mutual influence of the rotor’s each part to be
more significant in the axial direction. Therefore, the rotor strength’s design considering
the influence of assembly pressing force needs to be modeled on the whole shaft. When
designing, comprehensively considering the influence of assembly pressing force, centrifu-
gal force, temperature and interference, check the stresses of the rotor’s various part in
high-speed cold state and high-speed hot state, and determine the optimal interference
range between magnet and sleeve, as well as between short shaft and sleeve.

On the basis of the above analysis, this article proposes a rotor strength’s design
method with high structural stability considering the influence of assembly pressing force.
The design flow chart is shown in Figure 3. The specific steps are as follows:
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(1) According to the safe and reliable conditions of the rotor structure, formulate the
rotor strength’s checking standards.

• The components do not exceed the strength limit. For the plastic material, such
as short shaft and magnet, the strength limit is the material yield strength. But
for the brittle material, the strength limit is the material tensile strength.

• For the components assembled together, there must be no loosening in the
mating surface, which means that the internal components must be always
pressed, and the normal stress always is less than 0 on the outer surface of the
internal components.
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(2) Taking the magnet segment rotor and the short shaft segment rotor as the research
objects respectively, based on the strength’s checking standards, design the initial
interference range of each segment. It should be noted that this step is only to obtain
an initial interference range, and is not limited to using the method in the flow chart of
Figure 3, but this method will reduce the iterative process of the optimal interference
design. Specifically, ensure that all of components meet the strength standards,
and obtain the maximum and minimum value of the interference by continuously
checking each component’s stresses.

(3) Taking the whole shaft as the research object, including the assembly pressing force,
check whether the rotor stresses under different working states and different initial
interference matching states satisfy the strength standards. If so, the initial interference
is the optimal interference; if not, correct each segment’s interference based on the
whole shaft model.

3. Case Analysis
3.1. Finite Element Design

Taking a 100 kW/30,000 rpm high-speed permanent magnet motor as an example,
based on the above-mentioned rotor strength design method, by finite element method, con-
sidering the assembly pressing force of 30 MPa, check the rotor stresses of cold state 25 ◦C
and hot state 85 ◦C at 1.2 times of the rated speed, and design the optimal interference
range between magnet and sleeve, as well as between short shaft and sleeve. The rotor’s
finite element model is shown in Figure 4, and the rotor’s outer diameters are 83 mm, and
the sleeve’s thickness is 4.5 mm. The properties of various parts are shown in Table 1.
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Table 1. Materials and properties of various rotor parts.

Density
(kg/m3)

Elastic
Modulus (GPa) Poisson’s Ratio

Thermal
Expansion

Coefficient (1/◦C)

Sleeve 8240 199 0.24 1.325 × 10−5

Magnet 7600 160 0.24 9 × 10−6

Front and back
short shaft 7930 204 0.285 1.6 × 10−5
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Considering the strength limit of the rotor’s various parts provided by the manufac-
turer and the requirements for not loosening during operation, the strength’s checking
standards are formulated as follows:

(1) The Mises stress of the sleeve is less than the material yield strength of 950 MPa.
(2) The radial stress and tangential stress of the magnet are both less than the material

tensile strength of 60 MPa, and it is necessary to ensure that its outer surface is always
under pressure, that is, the normal stress on the outer surface is negative.

(3) The Mises stress of the short shaft is less than the material yield strength of 400 MPa,
and it is necessary to ensure that the outer surface is always under pressure, that is,
the normal stress on the outer surface is negative.

Based on the above strength standards, respectively check the rotor stresses of magnet
segment and short shaft segment under high-speed cold state (25 ◦C, 36,000 rpm) and
high-speed hot state (85 ◦C, 36,000 rpm) to obtain that the range of initial interference δ

between magnet and sleeve is 0.208–0.343 mm, and the range of initial interference δ0
between short shaft and sleeve is 0.059–0.327 mm.

Taking the whole shaft in Figure 4 as the research object, considering the assembly
pressing force as the boundary condition (see pressure A and pressure B of Figure 4),
substituting the initial interference of magnet segment and short shaft segment, the rotor
stresses under high-speed cold state and high-speed hot state with different interference
matching states are checked. The specific results are shown in Table 2, and the stresses
comparative analysis of various parts under different interference matching schemes are
shown in Figures 5–7.

Table 2. Simulation results of the whole shaft strength under the initial interference.

Interference
Matching

Schemes/mm
Stress Type

Maximum Stress/MPa

High-Speed
Cold State

High-Speed
Hot State

Option 1
Magnet: 0.208

Short shaft: 0.327

Mises Stress of Sleeve 972.02 997.89

Magnet
Radial stress 10.59 29.45

Tangential stress 6.15 29.55
Normal stress on the

outer surface 8.03 4.88

Short shaft
Mises stress 257.52 279.02

Normal stress on the
outer surface −73.39 −76.09

Option 2
Magnet: 0.343

Short shaft: 0.059

Mises stress of sleeve 1069.8 1043

Magnet
Radial stress −19.32 21.04

Tangential stress −19.10 21.27
Normal stress on the outer surface −67.37 −61.68

Short shaft
Mises stress 126.09 179.91

Normal stress on the outer surface 12.023 16.40

Option 3
Magnet: 0.343

Short shaft: 0.327

951.34 957.81

Magnet
Radial stress −37.77 3.31

Tangential stress −37.64 3.44
Normal stress on the

outer surface −94.95 −90.48

Short shaft
Mises stress 45.13 72.63

Normal stress on the
outer surface −8.78 −61.80

Option 4
Magnet: 0.208

Short shaft: 0.059

Mises stress of sleeve 661.27 631.97

Magnet
Radial stress 12.40 52.63

Tangential stress 12.57 52.81
Normal stress on the

outer surface −36.34 −30.55

Short shaft
Mises stress 83.44 116.52

Normal stress on the
outer surface 6.24 10.68
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Analyzing the data in Table 2 and comparing the results of Figures 5–7, we can see that:

(1) When magnet segment has the minimum interference δ (0.208 mm) and short shaft seg-
ment has the maximum interference δ0 (0.327 mm), the stresses of magnet and short
shaft under high-speed cold state and high-speed hot state meet the strength require-
ments and the outer surface of short shaft is fully compressed, but the sleeve stress has
exceeded 950 MPa, and the outer surface of magnet has not been fully compressed.

(2) When magnet segment has the maximum interference δ (0.343 mm) and short shaft
segment has the minimum interference δ0 (0.059 mm), the stresses of magnet and
short shaft under high-speed cold state and high-speed hot state meet the strength
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requirements and the outer surface of magnet is fully compressed, but the sleeve stress
has exceeded 950 MPa, and the outer surface of short shaft is not fully compressed.

(3) When magnet segment has the maximum interference δ (0.343 mm) and short shaft
segment has the maximum interference δ0 (0.327 mm), the outer surface of magnet
and short shaft are fully compressed and the stresses under high-speed cold state
and high-speed hot state meet the strength requirements, but the sleeve stress has
exceeded 950 MPa.

(4) When magnet segment has the minimum interference δ (0.208 mm) and short shaft
segment has the minimum interference δ0 (0.059 mm), the stresses of sleeve, magnet
and short shaft under high-speed cold state and high-speed hot state meet the strength
requirements and the outer surface of magnet is fully compressed, but the outer
surface of short shaft is not fully compressed.
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Figure 7. Short shaft stresses under the initial interference.

It can be seen from the analysis results that the initial interference range based on
magnet segment and short shaft segment is not suitable for the whole shaft model when the
assembly pressing force is considered. Therefore, it is necessary to optimize the interference
of each segment based on the whole shaft model, which ensures that all parts of the
rotor can meet the strength standards under different working states and different initial
interference matching states. Finally, obtain that the optimal interference δ between magnet
and sleeve is 0.283–0.332 mm, and the optimal interference δ0 between short shaft and
sleeve is 0.287–0.316 mm. The stresses of various part under different working conditions
and optimal interference are shown in Table 3 and the stresses comparative analysis of
various part under different interference matching schemes is shown in Figures 8–10, and
the stresses distribution diagrams of various part under dangerous state are shown in
Figures 11–15.
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Table 3. Simulation results of the whole shaft strength under the optimal interference.

Interference Matching
Schemes/mm

Stress Type
Maximum Stress/MPa

High-Speed
Cold State High-Speed Hot State

Option 1
Magnet: 0.283

Short shaft: 0.316

Mises Stress of Sleeve 898.49 927.77

Magnet
Radial stress −3.69 18.32

Tangential stress −21.39 18.41
Normal stress on the

outer surface −3.69 −0.46

Short shaft
Mises stress 138.21 175.45

Normal stress on the
outer surface −77.97 −81.49

Option 2
Magnet: 0.332

Short shaft: 0.287

Mises stress of sleeve 938.05 903.63

Magnet
Radial stress −32.61 8.23

Tangential stress −32.46 8.38
Normal stress on the

outer surface −85.37 −80.90

Short shaft
Mises stress 81.50 112.97

Normal stress on the
outer surface −1.51 −14.02

Option 3
Magnet: 0.332

Short shaft: 0.316

Mises stress of sleeve 922.79 927.81

Magnet
Radial stress −34.44 6.64

Tangential stress −34.31 6.77
Normal stress on the

outer surface −91.25 −86.83

Short shaft
Mises stress 47.42 70.52

Normal stress on the
outer surface −4.69 −57.72

Option 4
Magnet: 0.283

Short shaft: 0.287

Mises stress of sleeve 816.78 848.69

Magnet
Radial stress −20.62 20.48

Tangential stress −20.51 20.60
Normal stress on the

outer surface −53.19 −3.10

Short shaft
Mises stress 37.85 94.31

Normal stress on the
outer surface −69.36 −72.88
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It can be seen from the stresses data in Table 3, and the stresses comparative analysis
in Figures 8–10, and the stresses distribution diagrams in Figures 11–15 that:

(1) The most dangerous stress of sleeve is 938.05 MPa, which occurs on the inner surface
of sleeve when magnet segment has the maximum interference δ (0.332 mm) and
short shaft segment has the minimum interference δ0 (0.287 mm) under high-speed
cold state, and the margin to yield limit is 1.26%.

(2) The maximum stress of magnet is 20.6 MPa, which occurs on the core of magnet when
magnet segment has the minimum interference δ (0.283 mm) and short shaft segment
has the minimum interference δ0 (0.287 mm) under high-speed hot state, and the
margin to tensile limit is 65.67%, with sufficient safety margin.

(3) The most easily loosening point of magnet occurs on the contact surface between mag-
net and front or back short shaft when magnet segment has the minimum interference
δ (0.283 mm) and short shaft segment has the maximum interference δ0 (0.316 mm)
under high-speed hot state, and the normal stress on the outer surface is −0.46 MPa.

(4) The maximum stress of short shaft is 175.45 MPa, which occurs on the contact surface’s
brink between front or back short shaft and magnet when magnet segment has the
minimum interference δ (0.283 mm) and short shaft segment has the maximum
interference δ0 (0.316 mm) under high-speed hot state, and the margin to tensile limit
is 56.14%, with sufficient safety margin.

(5) The most easily loosening point of short shaft occurs on the contact surface between
front or back short shaft and magnet when magnet segment has the maximum
interference δ (0.332 mm) and short shaft segment has the minimum interference δ0
(0.287 mm) under high-speed cold state, and the normal stress on the outer surface is
−1.51 MPa.

3.2. Over-Speed Experiment

In order to verify the rotor strength, an over-speed rotor is made for over-speed
experiment. The physical diagram and cross section of the over-speed rotor are shown
in Figure 16.
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Before the over-speed experiment, the imbalance and different axial positions’ outer
diameter of the over-speed rotor are measured and recorded to assess whether the rotor
strength is qualified.

During the over-speed experiment, the one side of the over-speed rotor is fastened
to high-speed shaft of the test bench with four bolts, then the rotor gradually speeds up
to 36,000 rpm and runs stably for 2 min to complete the over-speed experiment. The
experimental site is shown in Figure 17, and the speed curve of the rotor during the
experiment are shown in Figure 18.
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As can be seen from Figure 18, the over-speed rotor can stably speed up to the rated
speed’s 1.2 times (36,000 rpm) and maintain two minutes and have no abnormalities during
the deceleration process. Simultaneously, compared the data after the experiment with
before the experiment, the maximum change in the outer diameter of the rotor is 0.01 mm
and the rotor’s imbalance almost has not changed, which indicates that the rotor strength
can meet the requirements of max-speed 30,000 rpm, and the structural stability is high.



Symmetry 2021, 13, 2161 15 of 16

4. Conclusions

Based on the rotor strength’s requirements in the full range of working range, com-
bined with the engineering practice, comprehensively considering the assembly press-
ing force, speed, temperature and interference, this paper proposes a rotor strength’s
design method with high structural stability, which improves the accuracy of rotor interfer-
ence’s design and the reliability of shaft’s structural strength. Based on this method, the
100 kW/30,000 rpm rotor is designed, and obtain that the range of interference δ between
magnet and sleeve is 0.283–0.332 mm, and the range of interference δ0 between short shaft
and sleeve is 0.287–0.316 mm, which can ensure that all of stresses on the magnet, short
shaft and sleeve meet the strength’s checking standards. Finally, the over-speed experiment
is carried out, and the rotor size and imbalance do not change significantly before and after
the experiment, which meets the requirements of engineering.

At the same time, based on the strength’s research of the cylindrical magnet surface-
mounted high-speed permanent magnet synchronous motor rotor with taking the whole
shaft as the research object in this paper, the following conclusions can be obtained, which
plays a guiding role for the engineering design.

(1) The most dangerous situation of sleeve is that magnet segment has the maximum
interference and short shaft segment has the minimum interference under high-speed
cold state, and the dangerous segment occurs on magnet.

(2) High-speed hot state is more dangerous than high-speed cold state for magnet’s
stresses. The most dangerous stress of magnet is that all of magnet segment and short
shaft segment have the minimum interference under high-speed hot state, and the
more dangerous stress is that magnet segment has the minimum interference and
short shaft segment has the maximum interference.

(3) Short shaft’s stresses under high-speed hot state are also more dangerous than under
high-speed cold state. The most dangerous stress is that magnet segment has the
minimum interference and short shaft segment has the maximum interference under
high-speed hot state.

(4) Both magnet and short shaft are easy to loosen at the interface between them. Magnet
is easy to loosen under hot state, and short shaft is easy to loosen under cold state. The
most easily loosening point of magnet is that magnet has the minimum interference
and short shaft has the maximum interference under high-speed hot state. The most
easily loosening point of short shaft is that short shaft has the minimum interference
and magnet has the maximum interference under high-speed cold state.
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