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Abstract 
In the surface-mounted high-speed permanent magnet  motor, the magnets are not mechanically 

strong enough to bear the centrifugal stress resulted from the high speed rotating, thus a sleeve composed 
of the carbon-fiber bandage is usually employed to retain the permanent magnets on the rotor surface. 
According to the surface-mounted high-speed permanent magnet rotor retained by a carbon-fiber 
bandage, in this paper, an analytical model for calculating rotor strength was presented based on the 
theory of elastic mechanics. Then the results of analytical model were compared with the calculations of 
finite-element method. It was shown that the analytical model proposed in this paper could accurately 
predict the stress distribution of the surface-mounted high-speed permanent magnet rotor fixed by a 
carbon-fiber bandage. Finally, the influence of the bandage thickness and shrink range between the 
permanent magnets and the bandage on rotor stress was investigated based on this analytical model of 
rotor strength. 
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1. Introduction 
Nowadays, surface-mounted high speed permanent magnet (PM) motor is becoming 

more and more common due to its simple structure, high power density and increased efficiency 
[1, 2]. In the surface-mounted high speed PM motor, the magnets generally consist of separate 
blocks which are glued onto the rotor surface. Several kinds of permanent magnetic materials, 
such as alnico magnets, ferrite magnets and rare-earth magnets, are usually employed in the 
high speed PM motor. Among them, the rare-earth magnets are widely applied owing to its high 
saturation intensity and coercive force [3]. However, this kind of PM material has high 
compressive strength but low tensile strength, and can not sustain the centrifugal stress due to 
high speed rotation. Therefore, it must be contained in a sleeve. Generally, there are two kinds 
of sleeves, one is nonmagnetic alloy sleeve such as titanium alloy, the other is high-strength 
composite materials such as carbon-fiber bandages. The carbon-fiber bandage has a high 
strength to weight ratio and low eddy-current losses compared to the alloy sleeve [4, 5]. So 
carbon-fiber bandage is more often employed as the retaining sleeve in the high-speed PM 
motor [6-9]. The centrifugal stress of PMs can be compensated by pre-stress applied to the 
outer surface of PMs through magnet-sleeve interference fit. In order to determine the pre-
stress, shrink range and sleeve thickness, the rotor strength must be analyzed firstly. So rotor 
strength analysis is a key point in the rotor design of the surface-mounted high speed PM motor.  

There have been some papers discussing the mechanical strength of the high speed 
PM rotor contained in a sleeve. Finite-element method (FEM) was usually applied to rotor 
strength analysis [10, 11]. Analytical strength model for the cylindrical PM rotor retained by a 
nonmagnetic alloy sleeve were presented in [12-14]. A simple calculation strategy for the 
cylindrical PM rotor retained by a carbon-fiber bandage was presented in [15], but the effect of 
anisotropy of the carbon-fiber on rotor stress was not considered in the analytical model. At 
present, the rotor strength of the surface-mounted high speed PM motor is mainly analyzed by 
FEM. However, FEM is time-consuming, and may lead to no convergence. The analytical 
method for rotor strength mainly focuses on the cylindrical PM rotor retained by a nonmagnetic 
alloy sleeve. Nevertheless, the stress distribution for the surface-mounted PM rotor retained by 
a carbon-fiber bandage is different from that of the cylindrical PM rotor retained by a 
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nonmagnetic alloy sleeve due to the centrifugal forces of separate PM blocks and the effect of 
anisotropy of carbon-fiber bandage. Therefore, the analytical method for the surface-mounted 
PM rotor retained by a carbon-fiber bandage needs further study. In this investigation for the 
surface-mounted PM rotor with a carbon-fiber bandage, the analytical model for calculating rotor 
strength is deduced based on the rotor stress condition which is simplified as a plane stress 
problem. The analytical solutions are validated by corresponding finite element results. The 
comparison results demonstrate that the analytical model presented in this paper can accurately 
predict the radial stress, tangential stress and equivalent Von-Mises stress of the surface-
mounted high speed PM rotor fixed by a carbon-fiber bandage. Subsequently, the impact of the 
bandage thickness and shrink range between the PMs and bandage on rotor stress is 
discussed based on this analytical model of rotor strength.  
 
 
2. Rotor Structure of the Surface-mounted High  Speed PM Motor 

The construction of the surface-mounted high speed PM rotor for this investigation is 
shown in Figure 1. The permanent magnets are glued onto the rotor surface and fixed by a 
carbon-fiber bandage. To achieve a defined pre-stress and a defined contact force, the 
bandage is designed as prefabricated sleeve made from carbon-fiber, which is embedded within 
an epoxy resin matrix. 

 

 
Figure 1. The Rotor Structure of the Surface-

mounted High Speed PM Motor  

 
Figure 2. The Dimensions of the Surface-

mounted High Speed PM Rotor 
 
 
The dimensions of the rotor are shown in Figure 2.  Rzo is the outer radius of the shaft, 

Rmi and Rmo are the inner radius and outer radius of the PMs, respectively. Similarly, Rhi and Rho 

are the inner radius and outer radius of the carbon-fiber bandage. There is a shrink range 
between the PMs and the carbon-fiber bandage, the outer radius of the shaft is equal to the 
inner radius of PMs, i.e. 

 
0zo mi

mo hi

R R

R R 
 

  
                                                                                                     (1)   

 
Where δ is the shrink range. 
 
 
3. Analytical Model for Rotor Strength in the Surface-Mounted High Speed PM Motor 

In order to simplify theoretical analysis, the following assumptions are made: a) all 
permanent magnet blocks have the same properties; b) there is no gap between PMs, i.e., the 
pole coverage ratio is 100%; c) the rotor stress condition is simplified as a plane stress problem. 
 
3.1. Analytical Model for Contact Pressures Between the PMs and Other Rotor Parts 

In this paper, it is assumed that P1 is the contact pressure between the PMs and the 
shaft, and P2 is the contact pressure between the PMs and carbon-fiber bandage. 
 
3.1.1. Radial Displacement in the Inner Surface of the Carbon-fiber Bandage  

The carbon-fiber bandage is considered as the orthotropic materials in this section. 
Figure 3 shows the force diagram of the carbon-fiber bandage. As can be seen in figure 3, the 
compressive stress P2 acts on the inner surface of the bandage. 
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Figure 3. The Force Diagram of the Carbon-fiber Bandage 

 
 
According to the theory of elastic mechanics, the equilibrium differential equation of the 

carbon-fiber bandage is: 
 

2-
0rr

h

d
r

dr r
                                                                                            (2) 

 
Where r and   are the radial stress and tangential stress of the carbon-fiber bandage in the 

radius of r, respectively. ρh is the density of the carbon-fiber bandage, and ω is the angular 
velocity. 

The physical relations of the carbon-fiber bandage are: 
 

,r rr
r r

r rE E E E
  

 
 

                                                                              (3) 

 
Where r and   are radial strain and tangential strain of the carbon-fiber bandage, 

respectively.  Er and Eθ are radial young’s modulus and tangential Young’s modulus of the 
carbon-fiber bandage, respectively, while r and r  are major and minor Poisson’s ratio. 

The geometric relations of the carbon-fiber bandage are:  
 

,r r
r

u du

r dr                                                                                                   (4) 

 
Where ru is the radial displacement of the carbon-fiber bandage in the radius of r. 

The combination of differential Equation (2) with Equation (3) and (4) yields: 
 

2
2 2 2 2
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3 (1 ) (3 )r r
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                                                                (5) 

 

Where 
r

k E E . 

Solving differential Equation (5), we obtained: 
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                                                                (6) 

 
Where 1c and 2c are undetermined coefficients. 

The boundary Conditions of the carbon-fiber bandage are: 
 

20,
ho hir r R r r R p                                                                                      (7) 
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Introducing Equation (7) into Equation (6), the coefficients 1c and 2c can be obtained: 
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The combination of differential equation (2) with equation (6) yields: 
 

2 2
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1 2 2

3 (3 )
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                                                       (9) 

 
From equations (3) and (4), we can obtain: 
 

( )r r
r

r

u r
E E
 



  
                                                                                                  (10) 

 
Substituting equations (6) and (9) into equation (10) yields: 
 

2 3 2 3

1 2 2

(3 )3
=

9
k kr r r h r h

r
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（ - ）c （ - ）c （ - ）   (11) 

 
Let r=Rhi in equation (11), the radial displacement in the inner surface of the carbon-

fiber bandage is obtained: 
 

2 3 2 3
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3.1.2. Radial Displacements in the Inner and Outer Surfaces of PMs 

 The PMs are considered as the isotropic materials in this section. The force diagram of 
the PMs is shown in Figure 4. The compressive stress P2 acts on the outer surface, while P1 
acts on the inner surface. As the PMs are segmented, the centrifugal forces of the PM blocks 
act on the inner surface of the carbon-fiber bandage directly. Consequently, P2 is decomposed 
into the centrifugal pressure P2w, which is produced by the centrifugal forces of the PM blocks, 
and the shrinking pressure (P2-P2w) generated by magnet-sleeve interference fit. Similarly, P1 is 
decomposed into the centrifugal pressure P1w, and the shrinking pressure    (P1-P1w). 

 
 

 
Figure 4. The force diagram of segmented PMs 

 
 
With the action of shrinking pressure (P1-P1w) and (P2-P2w), the radial displacement in 

the inner surface of PMs [16] is: 
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where Em and μm are Young’s modulus and Poisson’s ratio of the PMs, respectively.  

The radial displacement in the outer surface of PMs is 
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The centrifugal force of a PM block in the radius of r is 
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where ρm is the density of the PMs, N is the number of PM blocks, L is the axial length. 

If the force Fw is evenly distributed along the circumference of the PM, the centrifugal pressure 
Pw in the radius of r is obtained: 
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Let r=Rmi and r=Rmo in equation (16), respectively, P1w and P2w can be obtained: 
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Neglecting the interactive force between PMs, the deformation of PMs in the radius of r, 

generated by the centrifugal force, is 
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Generally, tensile direction is regarded as the positive direction in the elastic theory, so 

the radial displacement of the PM, resulted from the centrifugal force, is 
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Let r=Rmi and r=Rmo in equation (19), respectively, the radial displacement in the inner 

surface and outer surface of the PMs, resulted from centrifugal force, can be obtained: 
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Considering the pre-pressure and centrifugal force of thePMs, the total radial 

displacement in the inner surface of PMs is: 
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The total radial displacement in the outer surface of PMs is: 
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3.1.3. Radial Displacement in the Outer Surface of the Shaft 

The shaft is also considered as the isotropic materials in this secton. Figure 5 shows the 
force diagram of the shaft. There is a compressive stress P1 in the outer surface of the shaft. 
Under the action of contact pressure P1 and centrifugal force of the shaft, the radial 
displacement in the outer surface of the shaft [16] is: 
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                                                                         (23) 

 
Where Ez and μz are Young’s modulus and Poisson’s ratio of the shaft, respectively.  
 

 
Figure 5. The Force Diagram of the Shaft 

 
 
3.1.4. Solutions of P1 and P2 

According to the boundary conditions of the PM rotor, the following equation is 
obtained: 
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Substituting Equation (12), (21), (22) and (23) into Equation (24), P1 and P2 can be 

obtained: 
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3.2. Stress Model for the Surface-mounted High Speed PM Rotor 
After obtaining the contact pressures P1 and P2, the stresses in the carbon-fiber 

bandage and PMs can be deduced based on the theory of elastic mechanics. 
 
3.2.1. Stress Model for the Carbon-fiber Bandage 

The radial stress of the carbon-fiber bandage can be calculated by Equation (6) and (8), 
while the tangential stress is computed by Equation (8) and (9). 

The equivalent Von-Mises stress of the carbon-fiber bandage is: 
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3.2.2. Stress Model for the PMs 

The shrinking radial stress of the PMs is expressed as:  
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The shrinking tangential stress is: 
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The centrifugal radial stress is: 
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The centrifugal tantengial stress is: 
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The total radial stress of PMs is: 
 

d

rm rm rm                                                                                                      (31) 

 
 
The total tantengial stress of PMs is:  
 

d

m m m                                                                                                      (32) 

 
The total equivalent Von-Mises stress of the PMs can be calculated as: 
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4. Comparison of the Analytical Model and Finite Element Results 
In order to validate the analytical model for rotor strength, the stress distribution of a 

surface-mounted high speed PM rotor retained by a carbon-fiber bandage is analyzed by the 
analytical model presented in this paper and FEM, respectively. In FEM, a two-dimensional 
model was used to analyze the stress of the rotor, and the average stress along the 
circumference is compared with the analytical results. The rated speed of the motor is 24000 
rpm, the number of PM blocks is 4, and the shrink range between the PMs and carbon-fiber 
bandage is 0.1 mm. Table 1 shows the basic parameters of the PM rotor. 

 
 

Table 1. The Basic Parameters of the PM Rotor 
 Shaft PM Carbon-fiber bandage 

Inner radius (mm) 0 43 50 
Outer radius (mm) 43 50 54 

Density (kg/m3) 7850 8300 1750 
Radial Young’s modulus (Pa) 2.1×1011 1.08×1011 2.7×1010 

Tangential Young’s modulus(Pa) 2.1×1011 1.08×1011 4.56×1011 
Poisson’s ratio μz =0.31 μm =0.24 μθr=0.3, μrθ=0.018 

 
 
4.1. The Stress Distribution of the PMs and Carbon-fiber Bandage without Rotational 
Speed 

In case of no rotation, the stresses of PMs along the radius direction are shown in 
Figure 6～Figure 8, while the stresses of the carbon-fiber bandage are shown in Figure 
9～Figure 11. In the figures, the stars represent the calculations of FEM, while the solid line 
stands for calculations of the analytical model. The dotted line represents the error between the 
results calculated by two different methods. The negative value indicates that the stress is a 
compressive stress. 
 
 

 
Figure 6. The Radial Stress of PMs along the 

Radius Direction 

 
Figure 7. The Tangential Stress of PMs along 

the Radius Direction 
 

 
Figure 8. The Equivalent Von-Mises Stress of 

PMs along the Radius Direction 

 
Figure 9. The Radial Stress of Carbon-fiber 

Bandage along the Radius Direction 
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Figure 10. The Tangential Stress of Carbon-

fiber Bandage along the Radius Direction 
 

 
Figure 11. The Equivalent Von-Mises Stress of 

Carbon-fiber Bandage along the Radius 
Direction 

 
 
As can be seen from these figures, the calculation results of the analytical model are 

close to finite-element calculations, and the maximum error is less than 4%. The radial stress 
and equivalent Von-Mises stress of the PMs both decrease with the increase of radius, while the 
tangential stress increases with the radius. The maximum equivalent Von-Mises stress of PMs 
occurs at the inner surface. In Engineering, the maximum equivalent Von-Mises stress should 
not exceed the compressive strength of the PMs. From Figure 8, We can learn that the 
maximum equivalent Von-Mises stress is about 55 Mpa, which is much less than the 
compressive strength of PMs (about 600Mpa). The radial stress, tangential stress and 
equivalent Von-Mises stress of the carbon-fiber bandage all decrease along the radius direction. 
The maximum equivalent Von-Mises stress of the carbon-fiber bandage also occurs at the inner 
surface. The carbon-fiber bandage is orthotropic materials. So it must be ensured that the 
maximum radial stress and tangential stress of the carbon-fiber bandage do not exceed the 
radial tensile strength and tangential tensile strength, respectively. In this section, the maximum 
radial stress of the carbon-fiber bandage is about 60 MPa, which is much less than the radial 
tensile strength (about 400 MPa), on the other hand, the maximum tangential stress (about 790 
MPa) is also less than the tangential tensile strength (about 2600 MPa). 

 
4.2. The Stress Distribution of the PMs and Carbon-fiber Bandage at the Speed of 24000 
rpm 

At the rated speed, the stresses of PMs are shown in Figure 12～Figure 14, and the 
stresses of carbon-fiber bandage are shown in Figure 15～ Figure 17. The results demonstrate 
that the stresses calculated by two methods are also in good agreement with each other, and 
the maximum error is less than 3.5%.  Compared with no rotation case, here the radial stress of 
PMs becomes less, and the radial stress increases along the radius direction, which is opposite 
to that in no rotation case. Besides, the tangential stress and equivalent Von-Mises stress of the 
PMs also become less owing to the effect of centrifugal force. In the design of surface-mounted 
high speed PM rotor, it must be ensure that the PMs are in compression at the rated speed, i.e., 
the radial stress and tangential stess should be less than zero. The maximum equivalent Von-
Mises stress of the PMs transfers from the inner surface to the outer surface due to the effect of 
centrifugal force, and it is also less than the compressive strength of PMs. The radial stress, 
tangential stress and equivalent Von-Mises stress of the carbon-fiber bandage become larger 
due to the effect of the centrifugal force. At high speed case, the maximum Von-Mises stress of 
the carbon-fiber bandage also occurs at the inner surface. The maximum radial stress and 
tangential stress are also less than the radial tensile strength and tangential tensile strength, 
respectively. 
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Figure 12. The Radial Stress of PMs along the 
Radius Direction at the Speed of 24000 rpm 

 
Figure 13. The Tangential Stress of PMs along 

the Radius Direction at the Speed of 24000 
rpm 

 

 
Figure 14. The Equivalent Von-Mises Stress of 
PMs along the Radius Direction at the Speed 

of 24000 rpm 

 
Figure 15. The Radial Stress of Carbon-fiber 
Bandage along the Radius Direction at the 

Speed of 24000 rpm 
 

 
Figure 16. The Tangential Stress of Carbon-
Fiber Bandage along the Radius Direction at 

the Speed of 24000 rpm 

 
Figure 17. The Equivalent Von-Mises Stress of 

Carbon-fiber Bandage along the Radius 
Direction at the Speed of 24000 rpm 

 
 
5. Discussion for the Rotor Strength 

In this section, the impact of the bandage thickness and the shrink range between the 
PMs and carbon-fiber bandage on rotor stress is investigated based on the analytical model of 
rotor strength proposed by this paper. The shrink range δ and thickness of the carbon-fiber 
bandage are taken as the input variables, while the residual contact pressure P2 and the 
maximum equivalent Von-Mises stress σmax of the carbon-fiber bandage are regarded as the 
output variables.  Figure 18 shows the relationship between P2 and input variables at the speed 
of 24000 rpm, while Figure 19 shows the variations of the maximum equivalent Von-Mises 
stress σmax of the carbon- fiber bandage with the input variables. As can been seen from the two 
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figures, while the bandage thickness remains a constant, the residual contact pressure P2 and 
the maximum equivalent Von-Mises stressσmax increase significantly with the shrink range δ 
rising up. When the shrink range δ is a constant, P2 rises fast with the bandage thickness 
increase, however, the maximum equivalent Von-Mises stress decreases slowly with  increasing 
thickness of the carbon-fiber bandage. Therefore, in the design of the surface-mounted high 
speed PM motor, the residual contact pressure can be enhanced by means of increasing the 
shrink range δ or bandage thickness. Because the residual contact pressure P2 and the 
maximum equivalent Von-Mises stressσmax both increase fast with increasing δ,  in order to 
ensure the maximum stress of the carbon-fiber bandage is less than the tensile strength, the 
shrink range δ should be carefully selected. 

 
 

 
Figure 18. Residual Contact Pressure P2 at the 

Speed of 24000 rpm 
 

 
Figure 19. The Maximum Equivalent Von-

Mises Stress of the Carbon-fiber Bandage at 
the Speed of 24000 rpm 

 
 
6. Conclusion 

In this paper, an analytical strength model for the surface-mounted high speed PM rotor 
retained by a carbon-fiber bandage is presented based on the elastic theory. Then the analytical 
solutions are compared with the finite-element results. The comparison results show that the 
results of analytical model match the FEM calculations, and the analytical model presented in 
this paper can accurately analyze the radial stress, tangential stress and equivalent Von-Mises 
stress of the surface-mounted high speed PM rotor fixed by a carbon-fiber bandage. Then, 
based on the analytical model of rotor strength, the influence of the bandage thickness and the 
shrink range on rotor stress is discussed. According to the results of investigation, the residual 
contact pressure can be enhanced by increasing the shrink range δ or bandage thickness, and 
the maximum equivalent Von-Mises stress can be decreased by increasing the bandage 
thickness. In addition, in order to ensure the maximum stress of the carbon-fiber bandage is 
less than the tensile strength, the shrink range δ should be carefully selected. The researches in 
this paper provide theoretical support for design and optimization of the surface-mounted high 
speed PM motor. 
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