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Abstract
In high-speed machines, the rotor mechanical design often become more critical that the electromagnetic or
thermal design. The main focus is to find out and reduce the mechanical stress distribution in the rotor’s
component parts. For preliminary mechanical design, the analytical approach is used. Further design and
optimisation implies 2D finite element analysis. In this paper two types, of permanent magnet rotors (with
surface-mounted magnets and with buried magnets) are modelled and analysed.
Keywords: high-speed motors, mechanical design, tensile stress, permanent magnet rotors

1. Introduction
Using compact high-speed motors in
different applications, such as hybrid
propulsion system for vehicles is an attractive
choice due to reduction of number of drive
components, increased system reliability and
reduce the entire system cost [3].
The opportunity of using those motors in
such applications leads to high power density,
reducing the transmission losses, the system
maintenance, the system noises and
increasing the efficiency.
In high-speed motors, beside
the
electromagnetic and thermal design, the
mechanical aspects need to be considered.
Different types of machines are qualified for
high-speed application, such induction
machines with squirrel-cage rotor, permanent
magnet synchronous machines and switched
reluctance machines [16], [17].
Due to permanent magnets as source of
rotor magnetic field, some advantages as:
small rotor losses, minor thermal rotor
expansion and increased efficiency, leads to
widespread usage of the permanent-magnet
synchronous machines PMSM in high-speed
applications.
As
operating
speed increase,
the
mechanical design of the rotor became
∗
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critical in the machine design process and
primary factor in determining the rotor
dimensions and configuration.
Electromagnetic design is often the
secondary factor and concerns, with
generating, as much torque as possible from
the given rotor volume. Electromagnetic
design is also deal with minimizing the losses
and avoiding the permanent magnets
demagnetisation.
This paper is concerned with rotor
mechanical design of the permanent-magnet
synchronous machine.
In case of PMSM, there are two different
rotor configurations (Figure 1):
− surface-mounted magnets;
− buried magnets.

a)

b)
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2. Mechanical design of permanentmagnet rotors

c)
Figure 1. Rotor configuration for high-speed PMSM:
a) Surface-mounted magnets; b) Buried
magnets; c) Buried magnets with flux
concentration.

The rotor with surface-mounted magnets
uses a retaining ring or sleeve to withhold the
permanent magnets to the lamination stack or
to the shaft. The rotors with buried magnets
means that the magnets are placed in a slot
below the surface of the rotor or the magnets
are placed in a carrier, which is held by high
strength retaining components [8]-[10]. While
buried permanent magnet rotor have
attractive magnetic properties, such as
increased resistance to demagnetisation, they
have been shown to be mechanically weaker
compared to rotors with surface mounted
magnets, this results in limitations of volume
for the same mechanical speed [2], [12], [14],
[15]. The sleeved rotors present a very simple
design that maximises the magnetic field
strength and rotor volume by distributing the
forces evenly around the retaining ring and
avoiding stress concentration [11]. The
operating principle of the retainer sleeve is to
generate a compressive force to be applied to
the permanent magnets at all operational
speed, allowing the torque transmission
among the magnets and the other rotor parts
(mainly to the shaft), and to prevent
significant tensile stresses occurring in the
fragile permanent magnets.
The retaining sleeves used in surfacemounted magnets should be able to sustain
large operating stresses and these can be
manufactured from different type of
materials, such as high strength steel, fibre
composite, titanium, etc [2], [18], [19], [20].
To generate the compressive force among the
sleeve and magnets an interference fit is
used. Depending on the materials used for the
retaining sleeves the interference fit can be
either done: by thermal shrinkage in case of
metal sleeves or by wrapped under tension in
case of composite materials.
In the study presented in this paper, only
the centrifugal forces are considered, as this
is likely to be the dominant source of
mechanical stress in high-speed design [13].

The mechanical design and optimisation of
the PM rotors has been made by two different
approaches:
− an analytical method, which is an
extremely fast way for design, but some
simplifications and assumptions are
made that can influence the precision
of the method;
− a numerical method, usually the finite
element method, that can take in
consideration complex rotor structures
having a high precision, but is not time
efficient during all design procedures,
since demands excessive computation
time and resources.
At high rotational speed, high centrifugal
forces are exerted on the permanent
magnets. Thus, when rotors with surfacemounted magnets are used, retaining sleeves
must be employed to reduce the stress in the
magnets and to firmly retain the magnets in
their position.
Because the mechanical stress in the rotor
parts are mainly in the tangential direction,
only the tangential tensile stress σt will be
computed using the analytical method.
The mechanical design parameters of the
PM rotor were calculated in the first stage
using an analytical method. After that, in the
second stage, a FE analysis is used for final
optimisation and for accurate mechanical
stress distribution in the rotor.
2.1. Analytical mechanical design for
rotors with surface-mounted magnet
For this type of configuration, the
geometry is simplified by assuming that the
permanent magnet is continually annular and
the contact force due to the glue among the
magnets and rotor back iron is neglected. The
rotor design can be done using the following
formulas [3] and [4]:
pc = pc , fit − pω, m − pω, s > 0

(1)

σt = σt , fit + σt ,ω < σt ,max

(2)

In (1) the contact pressure pc (at rotational
speed n) among the sleeve and the permanent
magnets should be positive at any operational
speed. This contact pressure is due to the
interference fit contact pressure pc,fit reduced
by the centrifugal forces on magnets pω,m and
sleeves pω,s. The tangential tensile stress (2)
in the rotor magnets and sleeves is due to the
tangential stress caused by interference fit
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σt,fit and by rotational speed σt,ω and should
be kept below the maximum permissible
tangential stress σt,max. Figure 2 shows the
rotor structure for rotors with surfacemounted magnets.
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presented in (7). A thin shell is defined as a
shell with a thickness, which is small
compared to the rotor diameter.
The additional tangential stress due to
rotation of the magnets or sleeve is:
(8)
(9)

The centrifugal forces on magnets and
sleeves reduce the contact pressure among
the shaft and permanent magnets, and are:

where ρ, ri and ro are the mass density, inner
and outer radius of the magnets or sleeve.
The equation (8) is valid for a thin shell sleeve
and equation (9) is valid for a thick shell
sleeve. In the retainer sleeve, the maximum
tangential stress is found at the inner surface
of the sleeve. In the permanent magnets the
total tangential stress can be computed using
equation (2) considering σt,fit being negative.
Depending on the materials used for the
retainer sleeve, the thermal expansion can be
neglected in case of fibre composite materials
or taken into consideration for metal retainer
sleeve. Thermal expansion of other metal
rotor parts such as shaft, lamination stack or
magnets will develop a significant strain on
the retainer sleeve. The temperature
difference to allow the metal retainer ring to
slip over the magnets is:

(3)

(10)

Figure 2. Geometry assumption of permanent
magnet and retainer sleeve in a rotor
with surface-mounted magnets

(4)
where rm, rs, ρm, ρs, hm and hs are the average
radius, the mass density and the height of the
magnets and sleeves.
The tangential stress due to interference fit
and contact pressure due to shrinking or
wrapping of the sleeve onto the rotor are:
(5)

(6)

(7)
where δ is the interference fit required to
develop the contact pressure from (6), E is
the Young’s modulus of the sleeve, do is the
rotor outer diameter and rs,I, rs,o are the inner
and outer sleeve radius. The contact pressure
due to interference fit for a sleeve considered
as a “thin shell” is presented in (6) and for a
sleeve considered as a “thick shell” is

where rm,o is the magnet outer radius and αT
is the coefficient of thermal expansion of the
retainer sleeve.
An adequate safe margin between 5 %–10 %
of the rotational speed should be chosen in
the mechanical stress calculation.
2.2. Analytical mechanical design for
rotors with buried magnets
The forces that act in a high-speed rotor
are dominated by the centrifugal force.
Analytical calculation of the peak mechanical
stress acting in a tangential direction is a
challenging task and a FE analysis is
recommended. In this type of rotor, the
magnets are inserted into the rotor slots and
no interference fit is needed. The lamination
stack bridge must withstand the centrifugal
force produced by both bridge and magnets.
For a simple configuration, as the rotor
structure presented in Fig. 1 (b), the
geometry is simplified by assuming that the
permanent magnet and the back iron bridge
are transformed in an equivalent ring with an
artificially increased mass ρequiv Figure 3 [3].
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The numerical analysis was carried out
using the JMAG Designer v12.1 [7].
As a starting point, for verifying the
correct formulation of the mechanical
problem, the mechanical stress distribution
was computed in a rotor configuration from
article [5]. Good arrangement was obtained
when comparing the results with the ones
given in this article.
Both rotors configuration (with surfacemounted magnets and buried magnets) was
mechanical analyzed and optimized using
finite element method.

Figure 3. Simplified assumption of a rotor with
buried magnets

The height of the equivalent ring hequiv is
chosen to be equal to the narrowest high of
the back iron bridge that covers the
permanent magnets.
The artificial ring equivalent mass density
is:
(11)
where ρFe is the mass density of the laminated
back iron, Am, AFe and Aequiv represent the
surface of the permanent magnets, back iron
and equivalent ring. The equivalent mass
substitute both the permanent magnets and
the back iron masses, and the equivalent ring
suffers from the same centrifugal forces as
the original rotor structure.
The tangential stress inside the equivalent
ring, due to rotational speed can be
computed as:
(12)

3.1. Numerical analysis for rotors with
surface-mounted magnet
In high-speed machines, the rotors
normally have two or four magnetic poles in
order to minimise the electric frequency and
improve the machines efficiency. In this
study, the rotor with surface-mounted
permanent magnets from a high-speed
machine with two magnetic poles and a rated
power of 40 kW at 40000 rpm was numerically
analysed. A retainer ring of titanium alloy was
chosen to firmly hold and protect the fragile
permanent magnets due to its high maximum
permissive
mechanical
tension
(σt,max>850 N/mm2).
To simplify the numerical problem
formulation, all the materials are considered
anisotropic.
For rotors with surface-mounted magnets,
two rotor types were analysed. The key
parameters of the first rotor type are given in
Table 1.
Table 1. Rotor dimensions

The maximum tangential stress σt,max
inside the rotor is the local peak stress caused
by the uneven distribution of the permanent
magnets and by the magnets edges and is
computed as:
(13)
where Rp0.2 is the laminated back iron yield
strength. The yield strength is defined as the
amount of stress that will lead to a
permanent (irreversible) deformation of
0.2 %. This defines the maximum accepted
limit of the stress that can be applied to the
material.
3. Finite element analysis
For accurate distribution and prediction of
the tensile stress and for optimization of the
mechanical design of high-speed rotors, finite
element method is used [1].

Rs
Rm,i
Rm,o
Rg,i
Rb,o
δ
αm
l

shaft radius
magnet inner radius
magnet outer radius
inter-pole gap radius
bandage outer radius
interference fit
magnet open angle
rotor active length

11.9 mm
21.9 mm
27.9 mm
23.9 mm
29.9 mm
0.1 mm
1530
114 mm

The mechanical properties of the materials
used in construction of the rotor with surfacemounted magnets are presented in Table 2.
Table 2. Mechanical proprieties of the materials
Material

Young’s modulus Density
[GPa]
[kg/m3]
titanium alloy
110
4500
smco
150
8300
steel
193
8000
epoxy resin
5
1300
lamination steel
215
7300

Poisson’s
ratio
0.33
0.27
0.3
0.4
0.3
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The rotor was tested at 48000 rpm. An
interference fit of 0.1 mm was chosen, so
that the contact pressure among the retainer
ring and permanent magnets is positive at any
operational speed. The inter-pole gap
between the two magnetic poles was filled
with a non-conducting epoxy resin with a low
mass density.
The mechanical tensile stress distribution
in form of von Mises stress is shown in
Figure 4.
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provide the interference fit can be harmful to
the titanium alloy along the inter-pole gap.
This causes a shear stress in the inner layer of
titanium alloy in the region that covers the
inter-pole gap and leads to a weakening of
the entire retainer ring. In addition, due to
the epoxy resin’s low mass density (compared
with the permanent magnets mass density),
at high rotational speed the retainer ring will
suffer a deformation on the region with
mechanical
stress
concentration.
This
deformation will lead to an additional edge
effect of the permanent magnets that cut into
the titanium alloy ring.
The key parameters of the second rotor
type are given in Table 3.
Table 3. Rotor dimensions
Rs
Rm,i
Rm,co
Rm,eo

Figure 4. Von Mises stress distribution (MPa) in the
first rotor

The maximum mechanical stress has
developed as expected in the retainer ring.
An unexpected issue is that the tensile stress
has concentrated on the retainer ring in the
region that covers the inter-pole gap Figure 5.

Rg,i
Rb,o
δ
αm
l

shaft radius
magnet inner radius
magnet outer radius in magnet centre
magnet outer radius in magnet
extremities
inter-pole gap radius
bandage outer radius
interference fit
magnet open angle
rotor active length

11.9 mm
21.9 mm
27.9 mm
25.9 mm
23.9 mm
29.9 mm
0.1 mm
154.80
114 mm

The permanent magnets have a concentric
shape with a bigger height in the magnet
centre and lower height outwards. This shape
was chosen in order to obtain a sinusoidal
distribution of the magnetic field in the airgap.
The materials used in this rotor
construction are described in Table 2 (see
above).
As in the previous rotor type, the interpole gap was filled with the same epoxy resin.
The test conditions are the same as those
used for the first rotor.
The mechanical tensile stress distribution
in the second rotor type in form of von Mises
stress is shown in Figure 6.

Figure 5. Mechanical stress concentration (MPa ) on
the retainer ring

The analytical result for tangential stress
on the retainer ring, treating it as a thin shell
sleeve, is 335 MPa.
The maximum tensile stress (607 MPa)
developed in the sleeve is below the
maximum allowable limit. However, the
stress concentration over a short surface
leads to the risk that the retainer ring can
break along this surface [3]. The thermal
shrinkage of the retainer ring in order to

Figure 6. Von Mises stress distribution (MPa) in the
second rotor
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The maximum mechanical stress has
developed in the fragile permanent magnets.
The maximum tensile stress (527 MPa) is far
beyond the SmCo permanent magnets
allowable limit.
The analytical result for tangential stress
on retainer ring, treating it as a thick shell
sleeve, is 88 MPa.
The permanent magnets shape leads us to
conclude that the contact pressure between
the retainer ring and permanent magnets (due
to the interference fit) is made on a relatively
reduced surface, only where the magnets
have the maximum height. Due to this
reduced contact surface, the tensile stress
distribution in permanent magnets exceeds
the upper allowable limit, leading to magnets
cracking.
3.2. Numerical analysis for rotors with
buried magnets
Rotors with buried magnets proved being
mechanically weaker compared to rotors with
surface mounted magnets [2]. Due to this
mechanical reduction in maximum allowable
tensile stress, it results a limitation of
rotational speed or a limitation of volume for
the same rotational speed. The initial design
of the rotor and key parameters are
presented in Figure 7 in connection with
Table 4.

The advantages of this type of rotors come
from their simple manufacturing process and
lower production costs. Assembly difficulties
with associated impact on performances
(retainer sleeve made of carbon fibre) and
relatively higher cost, make the rotors with
surface-mounted magnets to be used only in
application that involve very high rotational
speed.
Assuming that the main factors, that affect
the peak mechanical stress, are the outer
diameter of the rotor and the rotational
speed, the von Mises stress distribution is
directly proportional to each of this factor.
Hereinafter, we present the numerically
analysis of the rotor with buried magnets
from a high-speed machine with two magnetic
poles and a rated power of 26 kW at
26000 rpm.
As in the second rotor with surfacemounted magnets, in this type of rotor, the
permanent magnets have a special shape with
bigger height in the magnet centre and lower
height outwards.
The laminated steel pole piece from
Figure 7 is only attached to the rest of the
laminations by the thin steel bridges at each
end. The centrifugal load on the pole piece is
not evenly distributed across the entire
surface, causing a substantial concentration
of mechanical stress on the two retaining
bridges.
The challenge in the mechanical design of
the rotors with buried magnets is to model
the shape and dimensions of those bridges to
sustain the large operational stress [6].
The mechanical properties of the materials
used in the construction of the rotor with
buried magnets are presented in Table 5.
Table 5. Mechanical proprieties of the materials
Material

Figure 7. Initial structure of rotor with buried
magnets
Table 4. Rotor dimensions
Rs
Rm,i
Rm,co
Rm,eo
Rg,i
Rb,o
δ
αm
l

shaft radius
magnet inner radius
magnet outer radius in magnet centre
magnet outer radius in magnet
extremities
inter-pole gap radius
rotor outer radius
interference fit
magnet open angle
rotor active length

11.3 mm
23.3 mm
29.3 mm
27.3 mm
29.3 mm
32.3 mm
0.1 mm
154.80
350 mm

Young’s modulus
[GPa]
Vacodur 50
250
SmCo
150
Steel
193

Density
[kg/m3]
8120
8300
8000

Poisson’s ratio
0.3
0.27
0.3

Another important detail in the mechanical
design of the retaining bridges is the
limitation of the edges notch effect.
Designing round-shaped edges can influence
the maximum stress concentration in the
bridges. Various types of retaining bridge
were numerically analysed in order to reduce
the mechanical stress concentration.
Figure 8 shows the mechanical stress
distribution in MPa for different shapes of
pole piece bridges, where:
a) zero slot edge radius;
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b) 0.25 mm slot edge radius;
c) 3 mm slot edge radius;
d) 3 mm slot edge radius and bridge height
increased by 0.5mm;
e) different shape with 1 mm slot edge
radius;
f) different shape wit 0.5 mm slot edge
radius;
g),(h) different bridges shape;
i) 1 mm slot edge radius and retainer
sleeve with 0.05 mm interference fit;
j) 1 mm slot edge radius and retainer
sleeve with 0.1 mm interference fit.

Figure 9. Von Mises stress distribution (MPa) in final
version of rotor with buried magnets
Table 6. Rotor dimensions

a)

c)

b)

Rs
Rm,i
Rm1,o
Rm2,o
Rm3,o
Rg,i
Rg,o
Rb,o
αm
l

shaft radius
magnet inner radius
highest magnet outer radius
middle magnet outer radius
smallest magnet outer radius
inter-pole inner gap radius
inter-pole outer gap radius
rotor outer radius
magnet open angle
rotor active length

12 mm
21.5 mm
26.5 mm
27 mm
27.5 mm
22.5 mm
27.5 mm
31.5 mm
154.80
350 mm

d)

e)

f)

g)

h)

The circumferential speed of the rotor is
83 m/s.
The permanent magnets were divided in
five distinct pieces, in order to obtain a
constant outer radius for each piece, and to
maintain the sinusoidal distribution of the
magnetic field in the air-gap. The maximum
tensile stress developed in the retaining
bridges (317 MPa) is below the maximum
allowable limit of Vacodur 50 (390 MPa). The
analytical result for maximum tangential
stress in retainer bridges is 293 MPa.
4. Conclusions

i)

j)

Figure 8. Various shape and dimensions of the pole
piece bridges

The final version of the rotor and key
parameters, that result from finite element
analysis are presented in Figure 9 in
connection with Table 6.

In this paper, the mechanical design and
analysis of high-speed permanent magnet
rotors are presented. A simple analytical
process has been described to estimate the
stress distribution in rotor parts. Accurate
stress prediction implies finite element
analyses.
In the rotor with surface-mounted
magnets, presented in Figure 4 and Figure 5,
the 2D numerical predicted mechanical stress
differs from the analytical computed one, due
to unevenly stress distribution. To avoid the
mechanical stress concentration on the
retainer ring or on the permanent magnets,
the inter-pole gap must be filled with a
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material with similar mechanical properties to
those of permanent magnets.
In the rotor with buried magnets, the 2D
numerical predicted mechanical stress is in
good arrangement with analytical computed
one. The maximum stress concentration in the
retaining bridges can be reduced by designing
bigger radius at the slot edges.
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