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Rotor Stress Analysis of High-Speed Permanent
Magnet Machines with Segmented Magnets
Retained by Carbon-Fibre Sleeve

Y. Wang, Z.Q. Zhu, Fellow, IEEE, J.H. Feng, S.Y. Guo, Y. F. Li, and Y. Wang

Abstract—In this paper, the rotor stress is analysed for a high-
speed permanent magnet (PM) machine (HSPMM) with
segmented magnets retained by a carbon-fibre sleeve. The
influence of rotor PM segmentation is firstly considered in the
stress analysis. It is found that when the segmented magnets are
under tensile stress, significant sleeve stress concentration will
occur due to magnet edging effect. By contrast, the PMs will
benefit from the segmentation with reduced tangential stress. This
stress reduction effect is enhanced when the number of PM
segments is larger. Furthermore, the influence of PM
segmentation on the worst operating scenario is determined. In
order to avoid stress concentration due to PM segmentation, the
design guidelines are then given by investigating the influence of
sleeve thickness and interference fit. A new design scheme of sleeve
thickness is proposed based on the identified worst case scenarios.
Finally, a 6-slot 4-pole high speed PM machine with segmented
magnets retained by carbon-fibre sleeve is prototyped and tested
at the speed of 90krpm. The rotor stability indirectly indicts the
validity of the theoretical analysis and design scheme.

Index Terms—carbon-fibre sleeve, high-speed machines,
permanent magnet, rotor stress, segmentation.

I. INTRODUCTION

High-speed PM machines (HSPMMs) are very promising for
high-speed applications due to higher efficiency, power factor,
and utilization factor in comparison with other types of high-
speed electrical machines. However, there are still many
obstacles and challenges for the HSPMM design, especially on
the rotor side. Significant rotor eddy-current loss and rotor
mechanical stress will be produced under high-speed operation.
Fig.1 illustrates typical rotor cross-section of a high-speed PM
machine. Normally, the rotor pole numbers of high-speed PM
machines are selected to be 2 or 4, depending on specific
requirements and constraints. The 2-pole rotor structure is
preferred in the low-power ultra-high-speed applications due to
a lower fundamental frequency which is easier for control and
also beneficial to the reduction of stator iron loss and rotor PM
eddy-current loss [1]-[4]. On the other hand, the 4-pole rotor is
more inclined to be adopted for high-power high-speed
applications due to reduced end-winding length and stator
copper loss, which are quite advantageous for stator thermal
equilibrium in high power application [5]-[8]. However, the
relatively high fundamental frequency introduced by higher
pole number will inevitably lead to higher rotor PM eddy-
current loss. Hence, for the 4-pole high-speed PM machine, the
rotor magnets are usually segmented to reduce the PM eddy-
current loss.

Fig.1. Cross-section of a typical 4-pole high-speed PM machine rotor.

In addition, as shown in Fig.1, the rotor magnets are retained
by the sleeve to withstand the extremely high mechanical stress
resulting from high speed. Generally, the retaining sleeves can
be classified into two types: Non-metallic ones and metallic
ones. Glass-fibre and carbon-fibre are typical non-metallic
sleeves which are featured with high yield strength and low
mass density [6]. This is quite desirable for the protection of
PMs. In addition, the sleeve thickness can be maintained
minimum for a given operating speed so that its influence on
the amplitude of air gap flux density can be minimized. The
main issue for this type of sleeve is the thermal aspect. The
thermal conductivity of carbon-fibre material is quite low
which means the heat generated from the rotor magnets cannot
be dissipated easily [9]. Hence, the rotor magnets are normally
segmented to reduce the eddy-current loss. Alternatively, the
copper shield can be placed at the inner side of carbon-fibre
sleeve [10]. On the other hand, the metallic sleeves made of
titanium or Inconel are equipped with a relatively lower
strength to density ratio compared to that of carbon-fibre. The
advantages of metallic sleeve include much higher thermal
conductivity and electrical conductivity as well as lower cost.
The eddy-current will be induced in the metallic sleeve instead
of magnets. The metallic sleeve acts as the shield for harmonic
penetration into the magnets. Nevertheless, the selection of
retaining sleeve should not only consider the mechanical
aspects such as the magnet protection but also the
electromagnetic and thermal aspects including the rotor eddy-
current loss reduction and rotor thermal issues.

In this paper, the retaining sleeve is selected to be the carbon-
fibre due to its large tensile strength. At high-speed operation,
the rotor components will suffer huge centrifugal force and
certain amount of thermal stress. The PM material ideally has a
high compressive strength (800MPa) and a medium flexural
strength (120MPa), but it is rather brittle [11]. Hence, stress
analysis is a key issue for the mechanical robustness of
HSPMMs. The analysis of the rotor stress can be approximately
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divided into two steps. Firstly, the exact value of stress in each
rotor part should be calculated. Secondly, the maximum stress
induced in each component of the rotor should be ensured
within the material strength under all operating speed and
temperature, especially for PMs which are quite vulnerable to
tangential tensile stress. In addition, the contact pressure
between the PMs and the shaft should always exist so that the
electromagnetic torque can be transferred.

The methods for stress calculation can be classified into
analytical and numerical ones. Several papers on analytical
calculation of rotor stress can be found [6], [12]-[16]. [6]
proposed a simplified analytical model for stress calculation
based on the assumption that the rotor is strictly rotational
symmetry. In [12] and [13], the displacement technique was
adopted for the stress calculation of the HSPMM with the
nonmagnetic alloy sleeve. In most of the analytical models, the
PM rotors are normally modelled as the multi-layered cylinders.
However, all the aforementioned analytical models are based
on the assumption of planar stress which is valid for rotors with
short axial length. Hence, in [14], a 3D analytical model
considering the axial stress was established for both solid and
hollow magnet rotors in the plane strain condition. Although all
these analytical solutions are capable of providing a
fundamental insight from the stress generation to reduction, as
pointed out in [6], the nonlinear factors such as geometry
discontinuity and edging effect cannot be considered in the
analytical model. Hence, in order to obtain a more exact value
of rotor stress, 2D or 3D finite-element methods (FEM) are
more widely adopted in the calculation of rotor stress with
complicated structure or other aforementioned strong nonlinear
factors.

With the obtained stress in each component of the rotor, the
priority is to ensure those values within the material limit in the
whole operating speed and temperature range. Hence, it is
essential to find the worst operating scenarios with respect to
operating speed and temperature for each component of the
rotor. The rotor stress is therefore checked only under the worst
operating scenario instead of the whole working range. In fact,
quite few papers have discussed about this issue. [6] pointed out
the thermal expansion must be considered due to its significant
portion in the sleeve tangential stress. However, how the rotor
stress is affected by the temperature is not further studied. [8]
comprehensively investigated the influence of operating speed
and temperature on the sleeve and magnet tangential and radial
stresses.

More importantly, all those mentioned findings are only
valid for the PMs in an integral ring. The potential influence of
PM segmentation on the rotor stress values and worst operating
scenarios are usually ignored in literature. On the other hand,
the influence of PM segmentation on the amplitude of rotor
stress also remains to be investigated. It will be demonstrated
in this paper that certain sleeve stress concentration will occur
while the segmented magnets are under the tensile tangential
stress. As a matter of fact, the stress concentration issue in the

HSPMM with inter-pole gap has been reported in several papers.

In [6], the inter-pole gap was removed in order to avoid the
sleeve stress concentration. In [8], it was concluded that the
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inter-pole filler significantly reduces the stress concentration in
the retaining sleeve. In addition, the influence of material
properties on the stress concentration mitigation effect was also
revealed.

The main contributions of this paper can be summarized
from two aspects. First of all, the phenomenon of stress
concentration is firstly discovered in the retaining sleeve of high
speed PM machines with segmented permanent magnets. The
specific conditions and influential factors (e.g. number of
segment, sleeve thickness...) are further identified. Hence, it
can more clearly determine how to mitigate these localized
stresses in the sleeve. Secondly, due to significant impact of
retaining sleeve thickness on both the mechanical and
electromagnetic performances, a new design scheme of sleeve
thickness of high speed PM machines with segmented magnets
is proposed based on the identified worst case scenarios. The
relationship between the minimum sleeve thickness and the
rotor outer diameter is calculated which can save the iteration
processing time in the mechanical post-check of traditional
design.

This paper is organized as follows. Firstly, in Section I, the
phenomenon of sleeve stress concentration due to PM
segmentation is revealed with 2D and 3D FE methods. The
conditions for the presence of stress concentration are also
determined. Then, in Section I, the influence of PM
segmentation on the worst operating scenario is studied. Section
IV investigates the influence of sleeve thickness and
interference fit on the rotor stress while the PMs are segmented,
providing a design guideline to avoid the presence of stress
concentration by adjusting these two parameters. Based on the
identified worst scenarios, a new design scheme of sleeve
thickness is proposed in Section V. Finally, in Section VI, a 6-
slot 4-pole high-speed PM machine with segmented magnets
retained by carbon-fibre sleeve is prototyped and tested. The
rotor runs safely at the speed of 90krpm. The conclusion is
given in Section VII.

Il. THEORETICAL ANALYSIS OF ROTOR STRESS WITH
CARBON-FIBRE SLEEVE

In order to obtain the exact value of rotor stress in the
HSPMM with carbon-fibre sleeve, in this section, the explicit
2D FE analysis of the rotor stress is conducted on a 4-pole high-
power high-speed PM machine with the highest power and
speed of 25kW and 100krpm, respectively. The rotor structural
parameters and the material properties are given in Table I and
Table Il. The rotor thermal expansion and material anisotropy
are considered. Then, the 2D FE predicted results are compared
with the 3D FE predicted ones to verify the validity of the
established model. It should be noted that the deterioration
effect factor 2.5 due to manufacturing is considered in the
allowable material limit. Hence, the tensile strength of carbon
fibre sleeve is considered to be 1440MPa which is much lower
than the value in the data sheet of carbon fibre material.

TABLE | MAIN PARAMETERS OF ROTOR GEOMETRY

Parameter Symbol Value

Pole pair number p 2

Page 2 of 19
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1 Sleeve outer radius/mm Rso 25

2 Sleeve inner radius /mm Rsi 225

3 Sleeve interference fit/mm ) 0.25

4 PM outer radius /mm Rmo 22.625

> PM inner radius /mm Rmi 15.125

? Back-iron outer radius /mm Rpo 15.125

8 Shaft radius /mm Rui 5

9 Stack length/mm | 60

10 TABLE Il MATERIAL PROPERTIES

1 Material PM Carbon-fibre Structural

12 (NdFeB) 1 // steel

13 Density/kg/m? 7500 1790 7850
Young’s

:‘5‘ Modulaopa 160 95 | 186 210

16 Poisson’s ratio 0.24 0.018 0.31 0.3

17 CTE/um/m/°C 8 35 0.02 10
Maximum . .

1 2 allowable Teg(s)"e TfZde 500

strength/MPa

20

21 A. Rotor stress without PM segmentation

22 The rotor stress is calculated with a whole magnet ring or

23 cylinder established in the FE models. Fig.2 shows the

24 distribution of sleeve stress in the 2D and 3D FE models,

25 respectively. It can be observed that the maximum sleeve stress

26 occurs at the contact surface between the sleeve and the

27 magnets due to the pre-stress introduced by the inference fit. In

28 addition, the 2D FE predicted results match well with 3D FE

29 predicted one, which indicates a negligible axial stress and

30 therefore justifies the planar stress assumption in the 2D FE

31 models. Hence, the 2D FE model can be accepted for the stress

32 calculation in this case due to a much shorter computation time

33 as well as an acceptable accuracy.

34

35 ey o

36 oo b

37 oo avea

38 s ol

39 Esyiﬁmn A 2?;?:789Min

40

41 _ _

42 (@ (b)

43 Fig.2. Sleeve tangential stress without magnet segmentation (T=20°C n=

44 100krpm). (a) 2D. (b) 3D.

45 Table 111 COMPARISON OF DIFFERENT STRESS MODELS

j? Rotor stress (MPa) ZD_FE(flculatlon mOdZIISD_FEA

48 Sleeve T=20°C 1023.4 1025.3

49 Tangential | T=150°C 12145 1178

50 Sleeve T=20°C -88.4 -88.0

51 Radial 1500 ] j

52 T=150°C 112.3 125.9

53 PM T=20°C 66.3 69.0

54 Tangential | T=150°C 232 -20.3

55 PM T=20°C 0.15 0.20

56 Radial | 7=150°C 0.04 0.07

57

58

59

B. Rotor stress considering PM segmentation

For high-speed PM machines, the metallic sleeve or the PMs
are always segmented to reduce the rotor eddy-current loss [17],
[18]. As has been mentioned, the rotor stress is mainly in the
form of planar stress. Thus, in this section, the edging effect
resulting from the circumferential segmentation is considered
in the 2D FE model. It should be noted that except otherwise
stated, the PM segmentations in this paper all refer to the
circumferential segmentation.

The PM is established as a whole ring and eight individual
segments in the 2D FE model, respectively, which corresponds
to the different scenarios. The slits between segmented magnets
are set to be 0.1mm. The potential contact condition is set to be
frictional which means the displacements in the circumferential
direction are allowed. The influence of segment number will be
studied in Section IV. Fig.3 illustrates the variation of rotor
tangential stress with operating speed with and without
consideration of PM segmentation, respectively. The following
observations can be concluded:

1) When the magnets are under the compressive tangential
stress at a relatively lower operating speed, the magnet
segmentation will not cause a significant difference in terms
of rotor stress under this condition.

2) While the operating speed is relatively higher, the amplitude
of PM tangential stress due to rotation exceeds the pre-
tangential stress imposed by the retaining sleeve. The overall
PM tangential stress tends to be tensile instead of
compressive. As shown in Fig.3, the sleeve tangential stress
will rise sharply with the increase of operating speed. Fig.4
shows the sleeve tangential stresses with and without magnet
segmentation at 100krpm. The stress concentration does
occur at the position aligned with edges of the magnets.
When the magnets are under the tensile stress which
increases significantly with the operating speed, the
tangential displacement will become larger as well, as shown
in Fig.6. Hence, the geometry discontinuity will be more
serious. This deteriorates sleeve stress concentration which
will be investigated individually in Section V.

3) Although the sleeve stress will increase significantly when
the magnets are segmented and under the tangential tensile
stress, the amplitude of PM tangential stress is reduced
compared to that of an integral PM ring, as shown in Fig.3.
This is because the gaps between the magnets provide a leak
way for the travelling of tangential stress. Fig.5 shows the
PM tangential stresses with and without PM segmentation at
the speed of 100krpm. The hottest spot transfers from the
inner side of PMs to the outer middle part. The maximum
PM tangential stress is reduced from 66.3MPa to 21.9MPa.
In summary, for the rotors with segmented magnets, the

edging effect must be considered in the FE models, especially
when the PMs are under the tensile strength. Significant stress
concentration will occur at the inner side of sleeve. On the
contrary, the PMs themselves will benefit from the
segmentation due to the presence of leak way.
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Fig.3. Variation of rotor tangential stresses with operating speed
with/without magnet segmentation. (T=20°C)
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Fig.4. Sleeve tangential stress with and without magnet segmentation
(T=20°C n=100krpm). (a) Without segmentation. (b) With segmentation.
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Fig.5. PM tangential stresses with and without magnet segmentation
(T=20°C n=100krpm). (a) Without segmentation. (b) With segmentation.

()
Fig.6. Variation of segmented PM tangential displacement with different
operating speed (T=20°C). (a) n=90krpm. (b) n=120krpm.

I11. DETERMINATION OF WORST OPERATING SCENARIO
CONSIDERING MAGNET SEGMENTATION

In the previous section, the influence of PM segmentation on
the amplitude of rotor tangential stress has been determined.
However, this is only applicable within a narrow speed range at
a single rotor temperature. It remains unclear how the rotor
stress will be affected by the magnet segmentation in the whole
operating speed and rotor temperature range. Moreover, the
rotor stress is also significantly influenced by the mechanical
design parameters such as sleeve thickness and interference fit.
Generally, the stress-impact factors can be classified into three
groups, namely operating parameters, mechanical design
parameters and geometric parameters. In real cases, the
geometric parameters are firstly determined in the initial
electrical design stage. With the geometric parameters obtained
from the initial electrical design, the mechanical design can

4

thereby be conducted. The rotor stability check is normally
conducted for different choices of mechanical design
parameters such as interference fit and sleeve thickness.
Fundamentally, the rotor mechanical stability conditions for a
high-speed surface-mounted PM machine can be written as

Ref[o, ,(N] < Gjimi 0. <0 .
R, <r<R,0<Q<Q @)

where osm denotes the tangential stress in the sleeve and rotor
magnets; o denotes the contact pressure between the rotor back
iron and the rotor magnets. Q refer to the operating speed and
Qmax denotes the maximum operating speed. Tmin and Tmax
denote the minimum and maximum operating temperatures in
the rotor.

As can be seen from (1), each rotating part in the rotor must
be smaller than the yield strength or the tensile strength
depending on the type of materials. For the carbon-fibre sleeve
and PM investigated in this paper, the Tresca’s criterion should
be adopted. The tangential stresses of sleeve and magnet must
be smaller than the material tensile strength. Meanwhile, the
contact pressure between the magnets and the rotor back-iron
must be negative in the cylindrical coordinate system,
indicating that there is always a pressure pushing the PMs onto
the back-iron so that the torque can be transferred. It should be
noted that the aforementioned conditions should be fulfilled in
the whole speed and rotor temperature range. Hence, it is
necessary to identify the influence of operating speed and
temperature on the rotor stress so that maximum rotor stress can
be quickly obtained and the post-check of mechanical solutions
can be more efficient. Hence, in this section, the worst operating
scenarios concerning with the speed and temperature are
determined with FE method, while the magnets are segmented.

Toin ST T,

min —

A. Sleeve tangential stress

Fig.7 illustrates the variation of maximum sleeve tangential
stress at the inner side of sleeve with operating speed and rotor
temperature with and without consideration of PM
segmentation. The following observations can be found:

1) While the magnets are under the compressive tangential
stress, the maximum sleeve tangential stress increases
significantly with the rise of operating speed and
temperature, whenever the magnets are segmented. The
sleeve tangential stress consists of pre-tangential stress,
rotating tangential stress and thermal tangential stress. The
latter two parts will increase with the rise of speed and rotor
temperature. The increase of speed and temperature will
yield different level of displacements for the magnets and
sleeve due to different material properties. The actual
interference fit will be significantly enlarged with the
increase of speed and temperature compared to static one.
This can be verified by the increase of sleeve inner side
radial stress as shown in Fig.8. It can be seen that when the
temperature rises from 20°C to 150 °C, the sleeve radial
stress at the inner side increases from 78.9MPa to 104MPa.

2) As has been proven in the previous section, the sleeve stress
concentration will occur when the PM tangential stress turns
to be tensile. Fig.7 (b) shows the variation of the

Page 4 of 19
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concentrated sleeve tangential stress with speed and
temperature. There is no doubt that the stress will be
increased with the rising speed. However, it is also
interesting to see the concentrated sleeve tangential stress
will be reduced with the increase of rotor temperature. This
can be explained by the smaller gaps between PM segments
when the temperature is higher. The PM tensile tangential
stress will be reduced with the increase of rotor speed as will
be shown in Fig.10. Hence, the deformation of the magnet
edges will be correspondingly reduced. Fig.9 illustrates the
tangential displacements of PMs under different rotor speed.
The tangential displacement is significantly reduced by
78.11%.

1200
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100

Speg 40 20 50 (Aw‘
d{kl‘pm) ‘e‘“oe

@
2200 4
2000 1
1800
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1200
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150100

Temperature (- - gpeed (ke

(b)
Fig.7. Variation of maximum sleeve tangential stress with operating speed
and rotor temperature with/without PM segmentation. (a) PMs under
compressive tangential stress. (b) Segmented PMs under tensile tangential
stress.
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Fig.8. Distribution of sleeve radial stress with PMs withstanding
compressive tangential stress (n=30krpm). (a) T=20°C. (b) T=150°C.
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Fig.9. Tangential displacements of PMs withstanding tensile tangential
stress (n=100krpm). (a) T=20°C. (b) T=150°C.
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B. PM tangential stress

Fig.10 illustrates the variation of maximum PM tangential
stress with operating speed and rotor temperature. Similarly, the
value will be maximum at the maximum operating speed,
regardless of the magnet segmentation. In contrast, the
maximum PM tangential stress will be significantly reduced
with the increasing temperature. The maximum PM tangential
stress is reached at the maximum operating speed and lowest
rotor temperature. As mentioned in the previous section, the
interference fit will be increased when the rotor temperature
becomes higher thus resulting a larger radial stress and
compressive tangential stress on the rotor magnets. Hence, the
tensile PM tangential stress resulting from high speed rotating
is partially cancelled by the compressive PM tangential stress
imposed by the retaining sleeve.

Without PM

200 | segmentation /;//

100 7 With PM
© segmentation
-9
2 o0
a
(4
& -100 -

v
-200
50‘&(,\
20 4o 100 x
60 80 100 1539 150 &®
peed(krpm)

Fig.10. Variation of maximum PM tangential stress with operating speed
and rotor temperature with and without PM segmentation.

On the other hand, while the PMs are segmented, the
maximum tensile PM tangential stress will be significantly
reduced due to the presence of leak way between the segmented
magnets, which is beneficial to the rotor mechanical stability.

C. Contact pressure between magnets and back-iron

Fig.11 shows the variation of contact pressure with operating
speed and rotor temperature. It can be seen that the maximum
contact pressure occurs at maximum operating speed and
minimum rotor temperature. It shares the same trend with the
PM tangential stress. In addition, the PM segmentation will
yield a larger contact pressure while the PMs are under tensile
strength.

With segmentation

Without segmentation

Contact pressure (MPa)

120 409 100

80 °

60 50 el
40 xu¢

Speed (krpm) 20 _‘e«\?e‘a

Fig.11. Variation of contact pressure with operating speed and rotor
temperature with/without PM segmentation.

Table IV summarizes the worst operating scenarios with and
without consideration of PM segmentation. It is obvious that the
worst case always occurs at the maximum speed whenever the
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magnets are segmented. While the magnets are not segmented,
the worst case for the sleeve tangential stress occurs at the
highest rotor temperature. By contrast, the worst cases for PM
tangential stress and contact pressure occur at the lowest rotor
temperature. While the magnets are segmented, the worst cases
for the PM tangential stress and contact pressure keep the same.
However, the worst case for sleeve tangential stress remains
stable only when the PMs are under compressive stress. When
the segmented PMs are under tensile stress, the worst case for
sleeve tangential stress occurs at the lowest rotor temperature
which is opposite to that of unsegmented condition.

On the other hand, although the PM tangential stress can be
reduced significantly when it is under the tensile stress.
However, simultaneously, it also causes the stress concentration
in the retaining sleeve, Moreover, the risk of loose of contact is
increasing. Hence, the machine designers should keep the
segmented PMs under the compressive state as much as
possible to avoid sleeve stress concentration. Even when the
magnets must be under the tensile state, special attention should
be made to ensure the maximum concentrated sleeve tangential
stress smaller than the tensile strength of sleeve at the maximum
speed and the lowest rotor temperature.

Table IV WORST OPERATING SCENARIOS WITH AND WITHOUT PM
SEGMENTATION

Speed n Temperature T
Rotor stress W/O W/ W/O W/
SEG SEG SEG SEG
Sleeve PM CS Max. Max. Max. Max.
Tangential | pppTs | Max. Max. Max. Min.
PM . .
. Max. Max. Min. Min.
Tangential
Contact . .
Max. Max. Min. Min.
pressure

Note: W/SEG and W/O SEG designate for with and without segmentation. PM
CS and PMTS designate for PM compressive stress and tensile stress.

IV. INFLUENCE OF MECHANICAL DESIGN PARAMETERS ON
ROTOR STRESS

The worst operating case of high-speed PM machine
considering the magnet segmentation has been determined in
the previous section. However, the rotor stress is also
significantly influenced by the mechanical design parameters
such as sleeve thickness and interference fit. In addition, the
geometry parameters such as PM thickness and rotor split ratio
also have a great impact on the exact value of rotor stress which
has been discussed in [19]-[21]. Hence, in this section, the
influence of sleeve thickness and interference fit on the rotor
stress considering the PM segmentation is investigated. The
guideline on the appropriate selection of those parameters will
be given so that the stress concentration can be avoided.
Another factor should be considered is the number of PM
segments. Although the influence of PM segment number has
been discussed in a variety of papers, all the investigations
focus on the PM eddy-current loss reduction only. Hence, the
influence of PM segment number on the rotor stress will also
be addressed in this section.

6

A. Number of PM segment

Fig.12 illustrates the variation of rotor stress with the number
of PM segments in two different scenarios. While the
segmented PMs are under compressive stress (PMCS), the rotor
stress almost keeps stable despite of the change of PM segment
number. However, while the PMs are under tensile stress
(PMTS), the number of PM segments has a great impact on the
rotor stress.

For the sleeve tangential stress, although a significant
increase of amplitude can be observed due to the presence of
stress concentration in all the inner side of sleeve with different
PM segment number, it is decreased with increase of PM
segment number. The increase of PM segment number weakens
the edging effect of segmentation. Fig.13 shows the tangential
displacements of segmented PMs under tensile tangential stress.
It is obvious when the segment number increases from 2 to 8,
the maximum tangential displacement decreases by 42.3%.

On the other hand, the PM tangential stress and contact
pressure also benefit from the increase of PM segment number.
Both the PM tangential stress and contact pressure decrease
significantly with the rise of number of PM segments.

In real cases, the increase of PM segment number will
increase the manufacturing difficulties. A trade-off should be
made between reducing the rotor stress, loss and increasing the

manufacturing difficulties.
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Fig.12. Influence of PM segment number on the rotor stress. (a) Sleeve
tangential stress. (b) PM tangential stress. (c) Contact pressure between PM
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Fig.13. Tangential displacements of segmented PMs withstanding tensile
tangential stress. (a) N=2. (b) N=8.

B. Sleeve thickness and interference fit

As pointed out in [6], the sleeve thickness Hb and
interference fit determine the pre-stress imposed on the rotor
magnets. In this section, the influence of sleeve thickness and
interference fit on the rotor stress considering the PM
segmentation is investigated.

Fig.14 illustrates the variation of rotor stress with sleeve
thickness and interference fit. It can be seen that the increasing
sleeve thickness will significantly reduce the sleeve tangential
stress, the PM tangential stress and the contact pressure in the
whole interference fit range. More importantly, the increase of
sleeve thickness reduces the minimum interference fit beyond
which the PM tangential stress tends to be compressive (less
than zero). In other words, the maximum operating speed at
which the PM tangential stress is compressive can be increased
within given interference fit.

However, from the electromagnetic point of view, the
equivalent air gap thickness will be increased simultaneously,
yielding a lower air gap flux density which may decrease the
torgue density. Hence, a trade-off should be made between the
reduction of rotor stress and torque density by increasing the
sleeve thickness.

On the other hand, within given sleeve thickness, both the
PM tangential stress and contact pressure are significantly
reduced with the increase of interference fit. This should be
attributed to the increase of pre-stress imposed on the PMs.
However, for the sleeve tangential stress, it keeps decreasing
before reaching the minimum value at a certain interference fit.
Then, it starts to rise with the increase of interference fit. When
the interference fit is relatively small, the PMs are under tensile
stress as shown in Fig.15(b). The stress concentration occurs at
the inner side of sleeve due to magnet edging effect. This effect
is eased when the interference fit becomes larger due to the
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reduction of segmented PM tangential tensile stress. Hence, the
sleeve stress concentration effect is weakened. While the
segmented PMs are under the tangential compressive stress, the
sleeve stress concentration disappears. The main component of
sleeve tangential stress is the pre-stress due to the interference
fit. Hence, it increases significantly with the enlarged
interference fit.

To conclude, for the mechanical design of rotor sleeve, on
one hand, the sleeve stress concentration due to segmented
magnet edging effect can be avoided by choosing a relatively
larger interference fit whose minimum value can be reduced by
increasing the sleeve thickness. What is more, the PMs are
under compressive stress and the contact pressure is maintained
for the torque transfer under this circumstance. On the other
hand, it should also bear in mind the sleeve tangential stress
may exceed the material tensile strength if the interference fit
becomes too high. In addition, the maximum value of
interference fit is also limited by the sleeve outer diameter and
CTE when the retaining sleeve is cold-shrunk onto the

segmented PMs.
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Fig.14. Influence of sleeve thickness and interference fit on the rotor stress.
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V. DETERMINATION OF MINIMUM RETAINING SLEEVE
THICKNESS CONSIDERING MAGNET SEGMENTATION

As has been demonstrated in Section 1V, the rotor stability
can be effectively enhanced with the increasing sleeve
thickness. However, the effective air gap length will be
inevitably increased due to the presence of retaining sleeve. The
air gap flux density will thereby be reduced, resulting in a lower
output torque/torque density. Hence, the appropriate design of
sleeve thickness is quite important for both the mechanical and
electromagnetic performance. In this section, a new design
scheme for the sleeve thickness is proposed. The minimum
sleeve thickness with variation of rotor diameter is determined
based on the identified worst case scenarios in Section I11.

It was pointed out in [20] that the feasible selection of sleeve
thickness is inter-dependent on the value of rotor diameter.
There exists a minimum sleeve thickness for specific rotor
geometry with given PM thickness and rotor outer diameter.
However, the thermal stress was ignored in the stress analysis.
More importantly, the magnet segmentation could not be
considered in the analytical calculation of rotor stress and thus
may lead to the derivation of the actual sleeve and PM
tangential stresses. Hence, in this section, with the identified
worst case scenarios considering the magnet segmentation, the
feasible variation of rotor diameter with sleeve thickness is
determined through 2D FE parametric analysis.

Fig.15 illustrates the variation of rotor stress including sleeve
and PM tangential stresses as well as contact pressure with rotor
outer diameter and sleeve thickness under the identified worst
working scenarios. On one hand, there is no doubt that the
smallest sleeve thickness will yield the maximum rotor stress
within a given rotor diameter. On the other hand, it can be seen
that both the maximum PM tangential stress and the minimum
contact pressure occur at the geometry with the maximum rotor
outer diameter and the smallest sleeve thickness. However, for
the sleeve tangential stress, there exists a unique rotor outer
diameter at which the value of stress reaches the minimum
within a given sleeve thickness. This phenomenon is also
confirmed in [20]. This can be explained by different trends of
sleeve tangential stress components with the enlarged rotor
diameter. In [6], it was pointed that sleeve tangential stress
consists of pre-stress due to the shrink-fit between the sleeve
and the rotor magnets and the rotation stress. The pre-stress is
reduced with the increase of rotor diameter in the hyperbolic
trend due to the decreasing strain. Since the rotation tangential
stress is proportional to the square of rotor diameter,, the sleeve
tangential stress starts to decrease with the increase of rotor
diameter due to the dominating pre-stress reduction effect.
When the rotor diameter becomes larger, the pre-stress tends to
be stable. However, the sleeve tangential stress due to rotation
increases significantly with the rotor outer diameter. Hence, the
resultant sleeve tangential stress becomes larger.
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Fig.15. Variation of rotor stress with rotor diameter and sleeve thickness at
worst-operating scenario. (a) Maximum sleeve tangential stress. (b)
Maximum PM tangential stress. (c) Contact pressure between PM and rotor
back-iron.

According to the aforementioned conditions for rotor non-
failure of HSPMM, the stress limitation surfaces are placed in
Fig.15. It can be seen from Fig.15 (a) that the lower part of
surface is valid. There are three intersections created by six
surfaces. When those intersections are projected into the 2D
plane (X-Y plane), the valid selection of rotor diameter and
sleeve thickness can thereby be obtained as shown in Fig.16. It
should be noted that although the PM tensile stress limit is
80MPa, the limitation surface is set to be OMPa to ensure the
PMs are under compressive tangential stress so that the stress
concentration can be avoided when the PM segmentation is
adopted.

With the help of curve-fitting tool in MATLAB, the
minimum sleeve thickness with respect to the rotor diameter
considering the rotor mechanical integrity can be written as:
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where ki, ko, ks, ks are the coefficients which highly depend on
the permanent magnet thickness, interference fit, retaining
sleeve and permanent magnet material as well as maximum
operating speed and rotor temperature. With the help of the
proposed scheme, the iterations can be saved in the traditional
post-check of mechanical design. In addition, the real optimal
solution with higher torque density can be found more
efficiently in the electromagnetic design without worrying
about its mechanical validity.
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Fig.16 Feasible variation of sleeve thickness with rotor diameter
considering mechanical stress constraints. (a) Pareto fronts. (b) Curve-fitted

constraints for rotor diameter and sleeve thickness.

VI. PROTOTYPE MACHINE FABRICATION AND TEST

Based on the previous design guideline, a three-phase, 6-
slot/4-pole high speed machine with segmented permanent
magnets retained by carbon-fibre sleeve is prototyped. The
rated power is 25kW and rated operating speed is 65krpm. The
maximum operating speed is 100krpm. The specifications of
the prototype machine are given in Table V.

TABLE V MAIN PARAMETERS OF PROTOTYPE MACHINE

Parameter Value
Slot number 6
Pole pair number 2
Stator outer diameter/mm 90
Stator bore diameter/mm 45.9
Stator yoke/mm 6.4
Tooth width/mm 7.7
Tooth opening/mm 3.96
Air gap length/mm 1
Sleeve thickness /mm 3
PM outer diameter /mm 37.9
PM inner diameter /mm 25.9

IEEE PES Transactions on Energy Conversion
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Pole arc to pole pith ratio
Shaft diameter /mm 8
Serial number of turns per phase 16
Stack length/mm 55

A. Fabrication

As shown in Fig.17 (a), the permanent magnets are
circumferentially segmented into four pieces. The pole arc to
pole pitch ratio is designed to be 1 so that the localised stress
can be avoided at the inter-pole position. In addition, the PM
outer diameter is designed to be 37.9mm from the
electromagnetic point of view. According to the relationship
between the minimum sleeve thickness and the rotor outer
diameter shown in Fig.16 (b), the sleeve thickness is finally
chosen to be 3mm so that the PM tangential stress is kept
negative at the maximum operating speed and room
temperature. The retaining sleeve is made of the prefabricated
carbon fibre as shown in Fig.17 (b). The sleeve is axially
pressed onto the rotor glued with segmented magnets as shown
in Fig.17 (c), so that the pre-contact stress can be established
between the sleeve and the magnets. In order to achieve the
maximum operating speed, the hybrid deep groove ball
bearings with rubber seal on both sides are selected as shown in
Fig.17 (d). Fig.17 (e) shows the stator assembly of the prototype
machine. Fig.17 (f) shows the rotor assembly whose balancing
was done by drilling holes in the end copper rings at both sides
of the rotor.

Fig.17. Fabrication and components of high speed permanent magnet
machine. (a) Segmented magnets. (b) Prefabricated carbon fibre. (c) Axial
pressing of carbon fibre sleeve. (d) Bearing. (e) Stator assembly. (f) Rotor
assembly.

B. Test

For the open-circuit test, the back-EMF was tested at
different operating speed. The prototype machine is driven by
the dynamometer shown in Fig. 18(b). The measured and
simulated open-circuit back-EMFs and corresponding spectra
are shown in Fig.19 and Fig.20. Although there is a 10%
difference between the measured and predicted data, the good
agreement can be observed. This discrepancy can be attributed
to the ignorance of end effect in the FE model. On the other
hand, with significant amount of the 5" and 7" harmonics, the
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back-EMF waveform of the prototype machine is closer to a
trapezoidal waveform.

(@) (b)
Fig.18. Test rig and drive. (a) Motor drive. (b) Test rig.
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For the on-load test, due to the limited capacity of the
inverter and control algorithm, the motor is driven to 90krpm
with the light load (25A) by the controller. Fig.21 shows the
current waveform of Phase A under the unmodulated six step
control at the speed of 90krpm. On the other hand, in order to
verify the rotor stability, the long-time duration operation is
conducted at the speed of 90krpm with the current 25A. The
temperature on the housing is measured every 5 minutes by the
thermometer. Fig.22 shows the variation of temperature with
time. It is obvious the thermal equilibrium is reached at the light

10

load condition. More importantly, the safe running of the rotor
indicates the designed sleeve and segmented permanent magnet
are capable of withstanding the huge mechanical stress at such
a high operating speed.
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Fig.21. Measured Phase A current waveform under the unmodulated six
step control at the speed of 90krpm.
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Fig.22. Measured temperature at the speed of 90krpm.

VII. CONCLUSION

In this paper, the rotor stress is analysed for a high-speed PM
machine with segmented magnets retained by carbon-fibre
sleeve. The rotor PM segmentation is firstly considered in the
stress analysis of high-speed PM machines. It is shown that
significant sleeve tangential stress concentration will occur
when the segmented magnets are under tensile tangential stress.
On the other hand, the PM tangential stress will be reduced
when the segmentation is adopted. In addition, with the increase
of segment number, this sleeve stress concentration effect is
weakened whilst the PM tangential stress reduction effect is
enhanced. Increasing sleeve thickness and interference fit can
be adopted to avoid the stress concentration effectively.
Meanwhile, the influence of PM segmentation on the worst
operating scenario is determined. It is shown that the maximum
concentrated sleeve stress occurs at the minimum operating
temperature instead of the maximum temperature for the one
without PM segmentation. A new design scheme of sleeve
thickness is proposed based on the identified worst case
scenarios. Finally, a 6-slot 4-pole high speed PM machine with
segmented magnets retained by carbon-fibre sleeve s
prototyped and tested at the speed of 90krpm. The rotor stability
indirectly indicts the validity of the theoretical analysis and
design scheme.
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APPENDIX

A. Demagnetisation withstand capability

The PM demagnetisation withstand capability is investigated
in this section. The working condition is considered as three-
phase short-circuit which is obtained in Motor-CAD. As shown
in Fig.23 (a), a significant amount of transient demagnetisation
current occurs in the D-axis. Fig.23 (b) illustrates the radial flux
density in the PMs with different segment number. It can be
seen that the more areas are being demagnetisatised at the edges
of magnets without segmentation. The magnet segmentation
slightly enhances the demagnetisation withstand capability due
to the increase of reluctance brought by the segmentation gaps.
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Fig.23. Demagnetisation analysis of high speed PM machines in Motor-
CAD. (a) Three-phase short-circuit current. (b) Radial flux density of the
magnets.

B. Flux weakening capability

The dynamic characteristics of the investigated high speed
PM machines with and without segmentation are shown in Fig.
24. The FE-predicted torque-speed curves are calculated with
the help of ANSYS and MATLAB software based on [22]. It
can be seen that the magnet segmentation have no obvious
impact on the flux weakening performances. This can be
explained the d-axis inductance remains stable regardless of the
magnet segmentation. In addition, the influence of fringing
effect on the d-axis flux linkage is negligible.
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C. Thermal performance

The thermal performance of the prototype machine is
investigated in this section. The prototype machine is enclosed
with a water jacket as shown in Fig.25 (a). Fig.25 (b) shows the
thermal distribution in the axial direction. It can be seen that the
hottest spot in the stator occurs at the end-winding, reaching
144.4° C. While in the rotor, the temperature in the magnets
has reached 139.4° C.
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Fig.25. Thermal analysis of high speed PM machines. (a) Thermal model in
Motor-CAD. (b) Thermal distribution.
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conduct the on-load experiment at the speed of 90krpm and the light load condition due to the limitation
of inverter capacity. Moreover, the thermal performances are also tested during the long time duration
experiment at the speed of 90krpm. The measured results indict the thermal equilibrium. The rotor also
runs well without any abnormalities, which verifies the validity of the proposed design scheme. In
addition, we add the details of the prototype machine fabrication process which is also very important
for the rotor mechanical robustness including the sleeve axial pressing, rotor balancing and bearing
selection. We reorganize and rewrite the experimental part (Section VI) in the revised manuscript. We

hope all these added results have improved the suitability of experimental results.

3. Presentation issues
Thank you for your comments. We redraw the figures according to the reviewers’ suggestions. We also

do the proofreading with the help of a native English. All the typos and mistakes have been corrected.

Overall, all the revisions are highlighted in red and the corresponding point-by-point responses to the

reviewers’ comments are enclosed as follows.

Reviewer 1:
Comments to the Author:
The paper presents rotor stress analysis of high speed surface mounted PM machines using carbon fiber
sleeves and segmented magnets. 2D FEA is used to identify the maximum tangential stress and the
contact pressure. Worst case scenarios are identified based on operating conditions. The organization of
the paper is clear, however, the method presented is not new, and how the experiments can validate the
design method is not clear. Please find some detailed points below:
(1) The prototype used in the experiment is running at much lower surface speed compared to the
design in Table I. It should be discussed why the prototype can validate the design method;

Response:

Thank you for your excellent comment. We take this issue very seriously. We are really sorry about
the weak experimental validation in the previous manuscript. In order to validate the rotor stability at a
higher speed. We strengthen the rotor of the prototype machine by increasing the sleeve thickness from

Imm to 3mm according to the design scheme proposed in the new Section V. We also conduct the on-
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load experiment at the speed of 90krpm and the light load condition due to the limitation of inverter
capacity. Moreover, the thermal performances are also tested during the long time duration experiment
at the speed of 90krpm. The measured results indict the thermal equilibrium. The rotor also runs well
without any abnormalities, which verifies the validity of the proposed design scheme. We hope all these

added results have addressed your concern.

(2) The black dashed line (PM tangential stress=0) is a bit misleading. It is recommend to re-
arrange the axis labels and put 0 label next to this line.
Response:

Thank you for your comment. We redraw this figure and put 0 label next to the dashed line.

(3) How the segmentation is modeled in 2D FEA is not clear (how large the slits are, how the
nonlinearity at large displacement is modelled etc.).
Response:
Thank you for your excellent comment. In order to explain how the segmentation is modelled, we add
the following in the revised manuscript: “The slits between segment magnets are set to be 0.1mm referred
from [19]. The potential contact condition is set to be frictional which means the displacements in the

circumferential direction are allowed.”

Reviewer 2:

Comments to the Author:

In this paper, the rotor stress is analyzed for a 6-slot 4-pole high speed permanent magnet machine with
segmented magnets retained by a carbon-fibre sleeve. The rotor PM segmentation is considered in the
stress analysis of high-speed PM machines. The tangential stress of the PM and the sleeve, and the
pressure between the segmented PMs are obtained. I have a few general questions and remarks.

(1) P. 2, section I, left column, 2nd paragraph, line 6: ... it is essential to find the worst operating
scenarios with respect to operating speed and temperature for each component of the rotor. In
addition to checking the stress at the highest temperature and speed, how to find the worst
operating scenarios.

Response:
Thank you for your comments. As can be seen from Fig.7, Fig.10 and Fig.11, the rotor stress
monotonically increases or decreases with the temperature or speed. Hence, the worst operating scenarios

must occur at the highest or lowest temperature or speed.

(2) The author has done a lot of stress simulation, how to consider the influence of processing on
the material properties.
Response:

Thank you for your comment. The reviewer is right. It is true the manufacturing process will have an
impact on the rotor material especially the sleeves. We add the following in the manuscript: “The
deterioration effect factor 2.5 due to manufacturing is considered in the allowable material limit. Hence,
the tensile strength of carbon fiber sleeve is considered to be 1440MPa which is lower than the value in

the data sheet of carbon fiber material.”

On the other hand, the interference fit is also limited in real cases. “In addition, the maximum value
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of interference fit is also limited by the sleeve outer diameter and CTE when the retaining sleeve is cold-

shrunk into the segmented PMs.”

(3) InFig. 2, whether 3D is a simple 2D extension or 3D modeling. In the calculation conditions,
how to consider the connection of the end of the sheath, please give some details.
Response:
Thank you for your comment. The 3D modelling in this paper is the 2D extension. However, the axial
stress is considered in the 3D calculation. The potential axial stress is the main difference between the
2D and 3D FE calculations. For the investigated high speed PM machines, due to the low axial

length/diameter ratio, the results show that the axial stress is negligible.

(4) 1In Fig.7 (b), it is difficult to discern the influence of rotation speed and temperature on the
stress, please reconsider the drawing. Similarly, in Fig. 11, the author should consider rotating
the graph to more clearly reflect the influence of speed and temperature on the pressure between
the PMs. The current drawing is difficult to identify.

Response:

Thank you for your comment. We redraw those two figures in order to make it clear to identify.

(5) How to consider the gap between the segmented PMs, is there any filler? Missing the details
of this part, please add.
Response:
Thank you for your excellent comment. In order to explain how the segmentation is modelled, we
add the following in the revised manuscript: “The slits between segment magnets are set to be 0.1mm
referred from [19]. The potential contact condition is set to be frictional which means the displacements

in the circumferential direction are allowed.”

(6) In Fig. 14, Hb in the legend is not given in the text. In addition, the effect of Hb on the output
torque needs to be supplemented so that the content is more complete.
Response:

Thank you for your comment. We add the explanation of Hb in the text. In addition, the influence of
sleeve thickness on the output is also added in Section V: “However, the effective air gap length will be
inevitably increased due to the presence of retaining sleeve. The air gap flux density will thereby be
reduced, resulting in a lower output torque/torque density. Hence, the appropriate design of sleeve

thickness is quite important for both the mechanical and electromagnetic performance.”

(7) P.5, In the experimental part, the author only gave the no-load back EMF and harmonic data
0f 20,000 rpm. The electromagnetic error is 10%. Please analyze the source of this part of the
error. In addition, the details of the experiment should be added. The current speed is still far
from the rated speed of 100krpm, but the rotor strength test requires over-speed testing of the
motor to verify the reliability of the rotor machinery. Please supplement this part of the test
results as much as possible.

Response:

Thank you for your suggestion. We have identified the sources for the difference between the
measured and predicted results. We also add the details of the conducted experiment: “The prototype

machine is driven by the dynamometer shown in Fig. 18(b). The measured and simulated open-circuit
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back-EMFs and corresponding spectra are shown in Fig.19 and Fig.20. Although there is a 10%
difference between the measured and predicted data, the good agreement can be observed. This
discrepancy can be attributed to the ignorance of end effect in the FE model. On the other hand, with
significant amount of the 5" and 7 harmonics, the back-EMF of the prototype machine is closer to a

trapezoidal waveform.”

In addition, we add the details of the prototype machine fabrication process which are also very
important for the rotor mechanical robustness including the sleeve axial pressing, rotor balancing and
bearing selection. In order to validate the rotor stability at a higher speed. We strengthen the rotor of the
prototype machine by increasing the sleeve thickness from 1mm to 3mm according to the design scheme
proposed in the adding Section V. We also conduct the on-load experiment at the speed of 90krpm and
the light load condition due to the limitation of inverter capacity. Moreover, the thermal performances
are also tested during the long time duration experiment at the speed of 90krpm. The measured results
indict the thermal equilibrium. The rotor also runs well without any abnormalities, which verifies the

validity of the proposed design scheme.

Reviewer 3:
Comments to the Author:
This paper analyses the rotor stress for a high-speed PM machine with segmented magnets retained by
carbon-fibre sleeve. There are several suggestions:
(1) The test experiments for verification is too simple for analysis.

Response:

Thank you for your comment. We are really sorry about the weak experimental validation in the
previous manuscript. We add the details of the conducted experiment: “The prototype machine is driven
by the dynamometer shown in Fig. 18(b). The measured and simulated open-circuit back-EMFs and
corresponding spectra are shown in Fig.19 and Fig.20. Although there is a 10% difference between the
measured and predicted data, the good agreement can be observed. This discrepancy can be attributed to
the ignorance of end effect in the FE model. On the other hand, with significant amount of the 5™ and 7%

harmonics, the back-EMF of the prototype machine is closer to a trapezoidal waveform.”

In order to validate the rotor stability at a higher speed. We strengthen the rotor of the prototype
machine by increasing the sleeve thickness from 1mm to 3mm according to the design scheme proposed
in the new Section V. We also conduct the on-load experiment at the speed of 90krpm and the light load
condition due to the limitation of inverter capacity. Moreover, the thermal performances are also tested
during the long time duration experiment at the speed of 90krpm. The measured results indict the thermal
equilibrium. The rotor also runs well without any abnormalities which indirectly verifies the validity of

the proposed design scheme.

In addition, we add the details of the prototype machine fabrication process which are also very
important for the rotor mechanical robustness including the sleeve axial pressing, rotor balancing and
bearing selection as “As shown in Fig.17 (a), the permanent magnets are circumferentially segmented
into four pieces. The pole arc to pole pitch ratio is designed to be 1 so that the localized stress can be

avoided at the inter-pole position. In addition, the PM outer diameter is designed to be 37.9mm from the



oNOYTULT D WN =

IEEE PES Transactions on Energy Conversion

electromagnetic point of view. According to the relationship between the minimum sleeve thickness and
the rotor outer diameter shown in Fig.16 (b), the sleeve thickness is finally chosen to be 3mm so that the
PM tangential stress is kept negative at the maximum operating speed and room temperature. The
retaining sleeve is made of the prefabricated carbon fiber as shown in Fig.17 (b). The sleeve is axially
pressed onto the rotor glued with segmented magnets as shown in Fig.17 (c), so that the pre-contact stress
can be established between the sleeve and magnets. On the other hand, in order to achieve the
maximum operating speed, the hybrid deep groove ball bearings with rubber seal on both sides are
selected as shown in Fig.17 (d). Fig.17 (e¢) shows the stator assembly of the prototype machine. Fig.17
(f) shows the rotor assembly whose balancing was done by drilling holes in the copper ring at both sides

of the rotor.”

(2) The specifications for the prototype machine should be concluded.
Response:

Thank you for your suggestion. The specifications have been added in the revised manuscript.

(3) There are not enough innovativeness in this paper. There are simulations and tests for analysis
of the rotor stress, it is only measuring, without mechanism analysis or monitoring scheme.
Response:

Thank you for your comment. We add the following in the introduction part to make the novelty of
our work more clear: “The main contribution of the paper can be summarized from two aspects. First of
all, the phenomenon of stress concentration is firstly discovered in the retaining sleeve of high speed PM
machines with segmented permanent magnets. The specific conditions and influential factors (e.g.
number of segment, sleeve thickness...) are then identified. Hence, it can more clearly determine how to
mitigate this localized stress in the sleeve. More importantly, due to the significant impact of retaining
sleeve thickness on both the mechanical and electromagnetic performances, a new design scheme of
sleeve thickness of high speed PM machines with segmented magnets is proposed based on the findings
on the worst case scenarios. The relationship between the minimum sleeve thickness and the rotor outer
diameter is calculated which can save the time-consuming iteration processing time in the post-check of
traditional mechanical design.” In order to better explain this proposed new design scheme, we add a
separate section (Section V) to discuss how to calculate the minimum sleeve thickness. The proposed
scheme of sleeve design is quite important for the electromagnetic and mechanical design of high speed
PM machines. More importantly, compared with conventional design methods, it is more efficient and
provides more insight for investigating the coupled multi-physics mechanism in high speed PM
machines. With the help of the proposed scheme, the iterations can be eliminated in the traditional post-
check of mechanical design. In addition, the real optimal solution with higher torque density can be found
more efficiently in the electromagnetic design without worrying about its mechanical validity. We also
add the details of this part in the abstract and conclusion. We hope these two mentioned aspects have
addressed your concerns.

Reviewer 4:
Comments to the Author:
Stress Analysis of a High-Speed Permanent Magnet Machine Rotor with Segmented Magnets Retained

by Carbon-Fibre Sleeve is presented by structural analysis. Although the analysis seems interesting but
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it is just numerical without required analytical or experimental verification. Authors should consider
below points in their revised manuscript:

(1) Effect of the segmentation and sleeve is just evaluated on the mechanical performance, it is not
enough while segmentation will affect partial demagnetization of PM segments, flux
weakening performance and .... It is required that such analysis is performed as well.

Response:
Thank you for your suggestion. We have added the analysis of demagnetization and flux weakening

capabilities of the investigated high speed PM machines with segmented magnets in the Appendix.

(2) For the experimental verification just BEMF test result is presented and it is claimed that” The
safe running of rotor validates the previous stress analysis.” how you could evaluate rotor
stability and temperature rise by open circuit EMF test please explain?

Response:

Thank you for your comment. The reviewer is right. The open-circuit EMF cannot be treated as the
full proof of the rotor mechanical stability. Hence, in order to validate the rotor stability at a higher speed,
we strengthen the rotor of the prototype machine by increasing the sleeve thickness from Imm to 3mm
according to the design scheme proposed in the new Section V. We also conduct the on-load experiment
at the speed of 90krpm and the light load condition due to the limitation of inverter capacity. Moreover,
the thermal performances are also tested during the long time duration experiment at the speed of 90krpm.
The measured results indict the thermal equilibrium. The rotor also runs well without any abnormalities,
which indirectly verifies the validity of the proposed design scheme. In addition, we add the details of
the prototype machine fabrication process which is also very important for the rotor mechanical
robustness including the sleeve axial pressing, rotor balancing and bearing selection. We reorganize and
rewrite the experimental part (Section VI) in the revised manuscript. We hope all these added results are

capable of verifying the validity of the theory.

(3) Since the main idea of the paper is mechanical stability of rotor, therefore the analysis results
should be evaluated by a test that confirm long time safe operation and mechanical stability of
machine at rated load.

Response:

Thank you for your comment. As requested, we conduct the on-load long time duration operation at
the speed of 90krpm. The thermal performances are also tested during the long-time experiment at the
speed of 90krpm. The measured results indict the thermal equilibrium. The rotor also runs well without
any abnormalities, which indirectly verifies the validity of the proposed design scheme. Due to the
limited capacity of the inverter, only the light load condition can be satisfied. However, as pointed out in
this paper, the worst case scenario occurs at the minimum temperature (Table IV), and hence, it also

makes sense to test the machine at the light or no load condition.

(4) Thermal analysis of machine is required.
Response:
Thank you for your comment. We have added the thermal analysis of the investigated high speed
PM machines in the Appendix.



