TELKOMNIKA Indonesian Journal of Electrical Engineering
Vol. 12, No. 10, October 2014, pp. 7131 ~ 7142
DOI: 10.11591/telkomnika.v12i8.5328 " 7131

Strength Analysis for Surface-mounted Permanent
Magnet Rotor in High-Speed Motor

Liang-liang Chen*, Chang-sheng Zhu
Zhejiang University,
38 Zheda Road, Hangzhou 310027, China; telp: 0086-0571-87983515
*Corresponding author, e-mail: chenlian0510@163.com

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.

_——— Carbon-fiber bandage Carbon-fiber bandage

Permanent magnets

Permanent magnets

Shaft Axis

Figure 1. The Rotor Structure of the Surface- Figure 2. The Dimensions of the Surface-
mounted High Speed PM Motor mounted High Speed PM Rotor

The dimensions of the rotor are shown in Figure 2. R, is the outer radius of the shaft,
Rmiand R, are the inner radius and outer radius of the PMs, respectively. Similarly, R, and Ry,
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.

Rzo_Rmi:0 (1)
Rmo _Rhi =0

Where & 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 P, is the contact pressure between the PMs and the
shaft, and P, 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 P, 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:

4% %%, 5 ref =0 2)
dr r

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

radius of r, respectively. p, is the density of the carbon-fiber bandage, and w is the angular
velocity.
The physical relations of the carbon-fiber bandage are:

0,,&, = .
" E E, "’ E, E

r r

O Hu Ot 3)

Where ¢ ,and ¢, are radial strain and tangential strain of the carbon-fiber bandage,
respectively. E, and Eg are radial young’s modulus and tangential Young’s modulus of the
carbon-fiber bandage, respectively, while , and y,, are major and minor Poisson’s ratio.

The geometric relations of the carbon-fiber bandage are:

u du
=g =—t 4
fo =5 Ty @

Where u, 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:

,d%c, do

rfo S8t (1=K, =~ + 4y ) pyeo’t (5)

Where k =/E, /E, .
Solving differential Equation (5), we obtained:

2,2
k1 Pr@ r @+ u,) ®)

k-1
o, =crt+c,r 7o

r

Where ¢, and c, are undetermined coefficients.
The boundary Conditions of the carbon-fiber bandage are:

o 0,0, =-P, (7)

rir=R, ~ “1'7r|r=Ry

Strength Analysis for Surface-mounted Permanent Magnet Rotor in... (Liang-liang Chen)



7134 = ISSN: 2302-4046

Introducing Equation (7) into Equation (6), the coefficients ¢, and ¢, can be obtained:

c - -P, B 2,0 RE(B+u, )L-a™™)
1 R:O—l (ak—l _ a—k—l) R:o—l (kZ _ 9)(1_ aZk) (8)
c — -P, ~ pha)2 hao B+, )1- a®™)
2 Rh—ok—l (a—k—l _ ak—l) Rh—ok—l(kZ _ 9)(1_ a—Zk)
The combination of differential equation (2) with equation (6) yields:
2.2
o, =ke,r* —ke,r +M+ P01’ 9)
k-9
From equations (3) and (4), we can obtain:
06 :urﬁar
u =r(==--—"—-"-= 10
r (Eg E ) (10)
Substituting equations (6) and (9) into equation (10) yields:
K —k 3 2(3+ p, )rt ’r?
u= (—- Hrg ) Clrk +(—- Hrg ) Czrfk +(=- @)phw (2 luﬁr) + Pr® (1 1)
E, E E, E E, E k®—9 E,

Let r=Ry; in equation (11), the radial displacement in the inner surface of the carbon-
fiber bandage is obtained:

2 3 2p3
uhi: (L_ ’um) 1R:i (_k_ /ul'ﬁ) Cer:ik (i_h)pha) T(?’z_'_luﬁr)Rhi + pha) Rhi (12)
0 r 0 r 0 r -9 Eg

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 P, acts on the outer surface, while P,
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, P, is decomposed
into the centrifugal pressure P,,, which is produced by the centrifugal forces of the PM blocks,
and the shrinking pressure (P»>-P,,) generated by magnet-sleeve interference fit. Similarly, P; is
decomposed into the centrifugal pressure Py, and the shrinking pressure  (P+-Pjyy).

Permanent magnets

Figure 4. The force diagram of segmented PMs

With the action of shrinking pressure (P+-P;,) and (P.-P,,), the radial displacement in
the inner surface of PMs [16] is:
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2 2 2
(P-P) R, +Rm+Rmi)72(Pz—PZW)RmiRm (13)
E R,-R, ER.-R)

where E;, and u,,are Young’s modulus and Poisson’s ratio of the PMs, respectively.
The radial displacement in the outer surface of PMs is

2(P,—P )RR~ (PR-P,)R R! +R’
— ( 1 le) rm2 mo ( 2 Zw) mo (/um _ rzo V;I) (14)
E (R —R%) E R: -R

mo ‘mi

mop

The centrifugal force of a PM block in the radius of ris

z(r' =R )L&’ (r+R))
N 2

Fu(r) =p, (15)

where pp, is the density of the PMs, N is the number of PM blocks, L is the axial length.
If the force F, is evenly distributed along the circumference of the PM, the centrifugal pressure
P,, in the radius of r is obtained:

NF, p,o' (" -R)(Ir+R))

p_ (16)
27zrL 4r
Let =R, and =R, in equation (16), respectively, P, and P, can be obtained:
P =0
o __NE, _p(RL-RO'(R, +R,) (17)
™ 2zR L AR

Neglecting the interactive force between PMs, the deformation of PMs in the radius of r,
generated by the centrifugal force, is

A(r)=.|';“%dr=’zm—§:(r—;+Rm—;—Rir—RiInr+%3‘+Rfiln(Rﬁ)) (18)

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

U (r)=—A(r) = pm“’z(r3+Rmir2 REr—R® Inr + R4 R? In(R ) (19)
mao 4E 3 2 mi mi 6 mi mi

m

Let =R, and =R, in equation (19), respectively, the radial displacement in the inner
surface and outer surface of the PMs, resulted from centrifugal force, can be obtained:
umi(u :O

(20)

_meZRf?qo RmiRrio_Z _p3 ﬂ 3
Unnoow = 4E_ (7+ 5 RriRro = Rii IN(Ryyo) + 6 +R5 IN(Ry)

Considering the pre-pressure and centrifugal force of thePMs, the total radial
displacement in the inner surface of PMs is:

2 2 2
Uy =U, +U,, = I:?lRmi (:um + Rmo + Rmi _ 2(P2 — PZW)Rmi Rmo (21 )
’ N Em er]o - eru Em (erw - ern)
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The total radial displacement in the outer surface of PMs is:

oy - PRR BRR, KR

" ER,-R)  E Ro—R: (22)
A Ry RR, R,

g RRRIR )+ +RLR,)

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 P, in the outer surface of the shaft.
Under the action of contact pressure P; and centrifugal force of the shaft, the radial
displacement in the outer surface of the shaft [16] is:

PR 1 po
u =—-—-+2(- Lt Aadiy -}
0 E A=) +— 2

z Z

zo ( ) (23)

Where E, and u, are Young’s modulus and Poisson’s ratio of the shaft, respectively.

Shaft

Figure 5. The Force Diagram of the Shaft

3.1.4. Solutions of P; and P,
According to the boundary conditions of the PM rotor, the following equation is
obtained:

umi _uzo :0 (24)
u. =0

hi umo

Substituting Equation (12), (21), (22) and (23) into Equation (24), P; and P, can be
obtained:

_ K,6,-K,9,
1
K11K22 K12K21 (25)
P = 52 — K21P1
2
KZZ
Where,
R RR+R:. R 2R R? 2
-+ By By o DR = PReR
Em er - Rni Ez Em(Rmo - Rmi) Em(Rmo Rﬂ )

K., %<L'&>'%( X o Rm( Ri”
@ -aE E R@ -Z)E E ECR-

E.QQ)ZRZO(]__)UZ) Zszszming

4 E Em(Rm_Rni)’

Ry,
R

TELKOMNIKA Vol. 12, No. 10, October 2014: 7131 - 7142



TELKOMNIKA ISSN: 2302-4046 m 7137

5=+ ATRRGH )" Kty ) ACRRY Gt )-0"") K Hy ARG ) (3t
Ro'(K-90-o) E E Ro'K'-91-a™) E E k*-9 Ea E

pnszhl pm Rma leRma R‘nl Zerno Rr70+RT1|
£ (T RRy R IR+ R INR.) 2 (g2 o)

3.2. Stress Model for the Surface-mounted High Speed PM Rotor
After obtaining the contact pressures P; and P, 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:

OhMises :\/% [(o, _0'9)2 +(0r)2 +(0"9)2] (26)

3.2.2. Stress Model for the PMs
The shrinking radial stress of the PMs is expressed as:

O}m:(FIRE_F)Z?]Zn)_R;?;(B;F%)_FPM 2R:n 2 (1_&3) (27)
Rm_Rni (Rm_Rﬂi)r Rm_Rmi r

The shrinking tangential stress is:

2 2 2 2
o, ~BRPR) RIRLBR-P) o R, , R (28)
Rrro _Rni (R‘no an )r R‘no - Rmi r
The centrifugal radial stress is:
By o) e Al R’n m Ri R (29)
Oy = 1- /4( ar )_ 4(1 ,Lé) r +Rnr R?] 3 Rfl lnr+ lan)
The centrifugal tantengial stress is:
En Yo, Ol L L VI Y : _z_& (30)
( dr) e ﬂm)[?’ ) Ra |nr+6r+ . In(R,)+ 4, (r" +R,r =R, ——)]
The total radial stress of PMs is:
O =0 + O, (31)
The total tantengial stress of PMs is:
O-gm = O-Hm + O-emw (32)

The total equivalent Von-Mises stress of the PMs can be calculated as:

J (0%~ ¥+ (0 Y+ (05 (33)
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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
rom, 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/m°) 7850 8300 1750
Radial Young’s modulus (P,)  2.1x10""  1.08x10" 2.7x10"
Tangential Young’s modulus(P,) 2.1x10"" 1.08x10" 4.56x10"
Poisson’s ratio u;=0.31 um=0.24 He=0.3, us=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.
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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 Mp,, which is much less than the
compressive strength of PMs (about 600Mp,). 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 MP,, which is much less than the radial
tensile strength (about 400 MP,), on the other hand, the maximum tangential stress (about 790
MP,) is also less than the tangential tensile strength (about 2600 MP,).

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.

Strength Analysis for Surface-mounted Permanent Magnet Rotor in... (Liang-liang Chen)
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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 & and thickness of the carbon-fiber
bandage are taken as the input variables, while the residual contact pressure P, and the
maximum equivalent Von-Mises stress 0., of the carbon-fiber bandage are regarded as the
output variables. Figure 18 shows the relationship between P, and input variables at the speed
of 24000 rpm, while Figure 19 shows the variations of the maximum equivalent Von-Mises
stress 0, Of the carbon- fiber bandage with the input variables. As can been seen from the two

0

Error/%

Tangential stress/Pa

3
43

+  Finite Element Method
Analytical Method
= mas Error

. . .
44 45 46
r/mm

. . .
47 48 49

25

Figure 13. The Tangential Stress of PMs along
the Radius Direction at the Speed of 24000

Radial stress/Pa

x 107

rpm

A

5L

s

* Finite Element Method

= umeni Error

Analytical Method

YT

3.5

—2.5

Error/%

-7
495

.
.
51.5
r/mm

ans L
50 50.5 51

oo
1 L L
52 52.5 53

L
53.5

54

Figure 15. The Radial Stress of Carbon-fiber
Bandage along the Radius Direction at the
Speed of 24000 rpm

Von-Mises stress/Pa

0.4

x 10
9 T T T
+  Finite Element Method
Analytical Method
snmes Eror

8.5

8
751

7 . . . . . .

49.5 50 50.5 51 51.5 52 52.5 53 53.5

Figure 17. The Equivalent Von-Mises Stress of
Carbon-fiber Bandage along the Radius
Direction at the Speed of 24000 rpm

TELKOMNIKA Vol. 12, No. 10, October 2014: 7131 - 7142



TELKOMNIKA ISSN: 2302-4046 m 7141

figures, while the bandage thickness remains a constant, the residual contact pressure P, and
the maximum equivalent Von-Mises stresso., increase significantly with the shrink range &
rising up. When the shrink range 0 is a constant, P, 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 & or bandage thickness. Because the residual contact pressure P, and the
maximum equivalent Von-Mises stresso,,., both increase fast with increasing 6, in order to
ensure the maximum stress of the carbon-fiber bandage is less than the tensile strength, the
shrink range ® should be carefully selected.
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Figure 18. Residual Contact Pressure P, at the Figure 19. The Maximum Equivalent Von-
Speed of 24000 rpm 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 & 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 & 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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