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Abstract: The split ratio of rotor outer diameter to stator outer diameter is one of the most important design
parameters due to its significant impact on machine torque density and efficiency. It has been optimized analytically in
existing papers with due account given only for the thermal limitations. In this paper, the optimized split ratio for high
speed PM machines (HSPMM) with consideration of the mechanical constraints is investigated analytically. In addition,
the influences of flux density ratio, maximum operating speed and sleeve material on the optimized split ratio are
discussed in detail. The analytical results are verified by finite element analyses. It is demonstrated that the optimized
split ratio as well as the achievable torque of HSPMM is significantly reduced when the mechanical constraints are
taken into consideration. The experimental results on a 6/slot-4pole HSPMM confirm the validity of previous analyses.

1. Introduction

High-speed electrical machines have been widely
used in a variety of applications including domestic
appliances, electrical spindles, turbochargers, electrical
turbo-compounding systems, and have been attracting
increased interest from both industry and academia,
particularly in the last two decades [1]-[4].

As a competent candidate, high-speed permanent
magnet (PM) machine (HSPMM) is a very promising design
alternative for high-speed applications due to high power
density as well as high efficiency and compactness
compared with other types of electrical machines such as
induction machines and switched reluctance machines [5]-
[9].

However, there are still many challenges for machine
designers to overcome. Compared with low-to-medium
speed PM machines, one of the most significant design
considerations is the mechanical issue. Under high-speed
operation, the rotor components will suffer huge centrifugal
stress, making the magnet retaining extremely important
[10]. The centrifugal stress is influenced by a few factors,
including the rotor diameter. On the other hand, the split
ratio, the rotor outer diameter to the stator outer diameter, is
also an important design parameter for any PM machine. It
has a great impact on the torque/power capability and
efficiency for the given frame size. [11] derived a simple
analytical expression of optimum split ratio for maximum
torque density. In [12], the optimal split ratio of both
brushless AC and DC motors with either overlapping or
non-overlapping windings were investigated. In addition,
the influences of air gap flux density waveforms, stator
tooth-tips as well as the end-winding on the optimal split
ratio were discussed. In [13], the optimal split ratio as well
as the flux density ratio were analysed both individually and
globally in a fractional-slot IPM machine.

For HSPMM, the design of the split ratio is even more
important. Not only is the torque density of HSPMM
significantly influenced by this parameter, but also the
mechanical stress of the rotor and stator iron loss are greatly

impacted by this ratio. Hence, it is necessary to investigate
the optimal split ratio for HSPMM. In [14], the stator iron
loss was considered in the analysis of optimal split ratio of a
high speed PM machine. It was found that the optimal split
ratio is slightly reduced compared to that with a fixed
copper loss only. [15] introduced the current density as the
local thermal constraint which is reasonable only when
considering the local overheat in stator end-windings [16].
In [17], the thermal network was adopted in order to obtain
the winding temperature rise of HSPMM directly and a
more accurate value of optimal split ratio could be acquired.
However, compared with the stator temperature, the
temperature rise in the rotor should be more of a concern for
HSPMM since the permanent magnets are vulnerable to the
temperature rise resulting from the induced PM eddy-current
loss.

In summary, in existing papers, the split ratio of
HSPMM has been optimized with the consideration of
thermal constraints only. The mechanical constraints,
including the stress limit and rotor dynamics issues are
ignored, leading to the deviation of the optimal split ratio
and actual torque/power capability. In this paper, the
optimized split ratio for HSPMM is obtained with the
consideration of the mechanical constraints, with particular
focus on the rotor stress. The impact of the sleeve material
and maximum operating speed on the optimized split ratio is
elaborated. In addition, the influence of the flux density ratio,
i.e. the ratio of airgap flux density to stator lamination flux
density on the optimized split ratio is analysed.

The paper is organised as follows. In section 2, the
optimal split ratio for maximum torque is investigated with
due account of copper loss constraints only. Then, the
influences of mechanical constraints on optimal split ratio as
well as actual maximum torque are analysed in section 3
which further clarifies why and how the optimal split ratio
for actual maximum torque will change when both copper
loss constraints and mechanical constraints are taken into
consideration. Section 4 aims to illustrate how the design
parameters, such as flux density ratio or maximum operating
speed, affects the optimal split ratio. Some electromagnetic



performances are experimentally validated in section 5, with
the conclusions in section 6.

2. Optimized Split Ratio For Maximum Torque

Fig. 1(a) illustrates a typical cross-section of
HSPMM. Generally, when the air gap flux distribution is
uniform and the armature reaction is ignored, the
electromagnetic torque of a three-phase brushless PM motor
can be expressed as [12][18]:

T= %DSZHN k,I,B (D
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where D is the stator bore diameter. /, is the active stack
length and N, represents the serial turns of each phase. ky
denotes the winding factor. 7, is the RMS of the phase
current and B, is the air gap flux density. It should be noted
that the split ratio for HSPMM in this paper refers to the
ratio of rotor outer diameter to stator outer diameter which is
different from definitions for low-speed electrical machines.
The influence of air gap length on optimized split ratio for
HSPMM is significant and will be addressed in this section.
Hence, A denotes the split ratio which is defined as:

D.
A= @)
D()
where D; is the rotor outer diameter and D, is the stator
outer diameter. The stator bore diameter can be expressed
as:
DS = ﬂ,DD +2g 3)
where g denotes the total air gap length. The torque can be
further given as [12]:
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where A is the slot area and £; is the slot packing factor. N,
is the slot number and p., is the resistivity of copper. On the
other hand, ignoring the effect of saturation, flux-leakage as
well as slotting effect, the air gap flux density B, can be
accordingly expressed as [19]:
h
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where /i is the PM thickness. When (5) is substituted into
(4), the electromagnetic torque can be derived as:
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where p is the rotor pole pairs and Ns denotes the stator slot
number and y represents the flux density ratio which is
defined as:

y=—= ®)

where Bmax is the maximum flux density in the stator iron.
Hence, the electromagnetic torque with respect to the split
ratio can be expressed as:

Toc f(A)=4A (DA+2g) C)
The optimized split ratio for maximum torque can be
obtained by solving the following differential equation:
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The optimized split ratio can be given as:
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1
k= 5 for motors with stator non-overlapping winding  (14)

While the split ratio increases, the tooth width and
yoke thickness will become larger correspondingly when the
air gap length and the flux density ratio are confirmed. The
resultant slot area will decrease with the increase of split
ratio. Hence, there will always exist an optimized split ratio
at which the electromagnetic torque reaches maximum. The
minimum air gap length (g=2mm) is obtained with the usage
of the empirical equation in [20]. A suitable value for the
length of the air gap of an inverter fed, high-speed machine
(the peripheral speed of the rotor>100 m/s), can be
calculated as:

5-0001+-2 4V (15)
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Where D; denotes the rotor outer diameter and v denotes the
peripheral speed of the rotor.

The copper loss is fixed so as to ensure the same
thermal performance. As for the value of copper loss, when
the machine frame size is given, the total heat transferred
through the external surface depends on the specific cooling
type. This heat source, namely electromagnetic loss, can be
written as [3]:

l)limit = hUm ”Dula (16)
where / denotes the thermal heat transfer coefficient and vom
denotes the maximum allowed temperature corresponding to
specific insulation level.

On the other hand, the range of feasible split ratio is
significantly limited by the geometrical restrictions. The
maximum split ratio depends on the air gap length and flux
density ratio when the stator outer diameter is given.

Fig. 1(b) shows the variation of torque with split ratio
and air gap length. It can be seen that the optimized split
ratio for maximum torque is significantly reduced with the
increase of flux density ratio. This can be attributed to the
increase of stator teeth and back iron due to larger flux
density ratio. Thus, the slot area is accordingly reduced. The
split ratio is then reduced to make up for the shrink of space
so that the copper loss can be constant.

From (11), it is obvious that the optimized split ratio
is also influenced by the air gap length. Fig. 1(c) illustrates
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Fig. 1. Electromagnetic torque versus split ratio
(p=2, Ns=6, Do=90mm, l,=55mm, copper loss=100W
y=0.5)
(a) Typical cross-section of high-speed PM machines
(6 slots and 4 poles)
(b) Electromagnetic torque versus split ratio and air
gap length with respect to different flux density ratio
(c)Variation of electromagnetic torque with split
ratio with respect to different air gap length
(d) Analytically and FE predicted variations of
torque with split ratio and air gap length

the variation of torque versus split ratio with respect to
different air gap length. It can be seen that the optimized
split ratio will be significantly reduced with the increase of
air gap length when the flux density ratio is constant. The
slot area is reduced with the increase of air gap length. The
split ratio will accordingly be reduced in order to keep the
copper loss constant. Fig. 1(d) shows the variation of
analytical and FE calculated electromagnetic torques with
split ratio, for the machine having a 6s/4p (N,/2p) with a
non-overlapping winding. It should be noted that the stator
and rotor iron permeability is assumed infinite and the flux
leakage is ignored in the analytical results. It can be seen
that the analytical result agrees well with the FE predicted
one.

3. Split Ratio Optimization For HSPMM Under
Mechanical Constraints

The topology of HSPMM is similar to low-to-
medium speed operating PM machines. In [9], it is
highlighted that due to the requirement of mechanical
robustness and thermal stability, a surfaced mounted
permanent magnet (SPM) machine with a high-strength
retaining sleeve is almost exclusively employed.

To obtain certain pre-stress between the sleeve and
PM at high speeds, an interference fit should always exist
between the PM and the sleeve so that the contact force and
circumferential force in the sleeve can be derived for magnet
retaining. In addition, to avoid the presence of stress
concentration at the magnet edges, the inter-pole air gap
between magnets should be avoided [10].

At the preliminary design stage, it is of vital
importance to take the mechanical constraints into
consideration. Generally, two fundamental conditions
should be satisfied: the circumferential stress in the inner
surface of the sleeve should be within the material limits,
and the contact pressure between PM and rotor back-iron
should always be positive [10].

For HSPMMs, the optimized split ratio is inevitably
influenced by the aforementioned mechanical constraints.
Both the circumferential tensile stress and contact pressure
are highly related to the rotor diameter which can be
reflected by the split ratio.

3.1. Split Ratio Optimization with
Circumferential Stress Limitation

In most cases, the PMs in a HSPMM are more
vulnerable to the tensile stress than the compressive stress.
Both NdFeB and SmCo have strong compressive strength
and flexural strength but are very weak in tensile strength.
Hence, a retaining sleeve with strong circumferential tensile
strength is necessary. In fact, the main stress in the retaining
sleeve is in the form of circumferential stress which, when
the sleeve is considered as the thin shell, can be expressed as
[10]:

Ut = Gt,prestrexx + Gt,w
17
LADE 1 (17
AD, 4

o



Where 0 prestress refers to the pre-stress due to shrinking of
retaining sleeve. o, denotes the additional circumferential
stress due to rotation and o is the total circumferential
stress of the specific sleeve. AD is the sleeve interference fit
with respect to the machine diameter D,. p;, and E represent
the sleeve mass density and the Young’s modules. w is the
angular velocity of the rotating rotor.

As can be seen from (17), the sleeve circumferential
stress can be expressed as the function of split ratio. The
value of circumferential stress depends on the sleeve
material property (mass density and Young’s modules), the
interference fit, the operating speed, as well as the split ratio.
Fig. 2(a) illustrates the circumferential stress at the inner
side of sleeve with the variation of different interference fits.

It can be seen that the circumferential stress will
increase with the increase of sleeve interference fit in the
whole split ratio range. For each given sleeve interference fit,
the circumferential stress will drop sharply with the increase
of split ratio before reaching a minimum value. After that,
the circumferential stress will rise slowly with the increase
of split ratio.

For a given sleeve with certain circumferential
strength, the split ratio can be flexibly chosen by adjusting
the sleeve interference fit. However, there always exists a
minimum split ratio for each sleeve interference fit at which
the circumferential stress reaches the material limits. These
minimum split ratios increase with the increase of sleeve
interference fit. In addition, they are also influenced by the
actual circumferential stress. For illustration, two limit lines
representing different values of real sleeve circumferential
stress are also shown in Fig. 2(a). It can be seen that when
the actual sleeve circumferential stress reaches the material
limit, the value of the minimum split ratio is the smallest.
Hence, a factor k is defined to evaluate the stress margin
with respect to the sleeve material tensile strength.

k=2 (18)

Oimit

where o; represents the actual value of sleeve
circumferential stress and 0y;;¢ is the tensile strength limit
of the sleeve material. Fig. 2(b) illustrates the relationship
between the minimum split ratio and the interference fit as
well as k. It should be noted that the maximum operating
speed at which the circumferential stress is checked has
been increased by 20% for the consideration of an over
speed test [10]. It can be seen that the widest split ratio
range can be achieved when the actual circumferential stress
reaches the limits and the interference fit is relatively small.
Hence, k is preferred to be 1 so that the design values for
split ratio can be adequate.

3.2. Split Ratio Optimization with Contact
Pressure Limitation

Generally, for a simple rotor configuration with
symmetrically mounted magnets, the contact pressure
between the magnets and the rotor back iron can be
expressed as [10]:
hb
— O-t, presress p m p b (1 9)

b
where Ay and 7, represent the thickness and average radius of
selected sleeve. pm and py, represent the pressures of magnets
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Fig. 2. Typical Cross-section of HSPMM and split ratio
optimization under circumferential stress limits

(a) Variation of sleeve circumferential stress with split
ratio (carbon fibre nya=120kr/min)

(b) Minimum split ratio versus interference fit and factor k
(carbon fibre nug=120kr/min)

and sleeve resulting from centrifugal force which reduces the
total contact pressure between the magnets and the rotor.
These pressures can be analytically determined as [10]:

Py =0"1,p,h (20)

py =@, p,h, (21)
where A and rm represent the thickness and average radius of
PMs. pm and py represent the mass densities of the magnets
and sleeves. On the other hand, the sleeve pre-stress due to
shrink fit can be expressed as the difference between the
actual sleeve circumferential stress and the circumferential
stress due to rotation. In addition, (20) and (21) can be
substituted into (19). Hence, (19) can be further derived as a
function of split ratio:

h
contact - pressure == (o-l - O-z,w) - pm - pb
Ty
2ho 1 51
MO —p b +ph)D A (22

Do ﬂ (2pm m ph b) o ( )
1 2 2

+—w'p,h
2 pm m

As mentioned in the previous section, the contact
pressure between the rotor and the magnets should always
be positive. From (22), it can be seen that the contact
pressure decreases with the increase of split ratio. Hence,
there exists a special split ratio at which the contact pressure



equals zero and the actual split ratio should always be
smaller than this value. This can be expressed as:

a+Va* +16b
atva +16b (23)
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A<A =
where
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b= Ut(zpbhbz + pmhmhb)/a)z (25)
c:Do(zpbhb +pmhm) (26)

For HSPMM, the main component of the sleeve
circumferential stress is the pre-stress due to shrink fit,
especially for the carbon fibre sleeve with low mass density
[10]. Compared with the circumferential stress (0 prestress)
resulting from sleeve shrinking, the circumferential stress
due to rotation (o, ) is much smaller. Therefore, the
following condition can be applied:

16b=160,(2p,h; + p,h, h,)/ &

27
>>160,,,2p,h; + p,h,h) @ >d® @7
Hence, (23) can be further simplified as:
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It has been proved that the feasible range of split ratio
is the widest when & equal to 1. Hence, the maximum split

ratio of HSPMM under contact pressure limit can be given as:

1 = 2 O limit
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It can be seen that the split ratio of HSPMM is
restricted by the sleeve tensile strength, the maximum
operating speed as well as the magnet mass density and the
ratio of magnet to sleeve thickness. The maximum split ratio
is significantly reduced with the increase of maximum

operating speed and the ratio of magnet to sleeve thickness.
On the other hand, it is obvious that the air gap of
HSPMM is larger than that of normal PM machines due to
existence of sleeve. From (29) the minimum air gap length,

which consists of physical air gap and sleeve, can be given as:

# h +6
A0y 1 ! (30)
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Clearly, the sleeve material in terms of mass density
and tensile strength has a significant impact on the minimum
sleeve thickness which will be fully addressed in the
subsequent section. In this section, the sleeve material is
selected to be carbon fibre due to its low mass density and
high tensile strength. Ignoring the effect of saturation, flux-
leakage as well as slotting effect, the air gap flux density can
be accordingly expressed as:

gmin (2’) = hh,min +§ =
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Substituting (30) and (31) into (6), the
electromagnetic torque of HSPMM under mechanical
constraints can be derived as:
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Hence, the optimized split ratio of HSPMM under

mechanical constraints can be obtained by solving the
equation as follows:

oT(A)
oL

It is apparent that the equation for the optimized split
ratio considering the mechanical constraints is much more
complicated than that of the normal PM machines due to the
presence of g(A). The pure analytical solution of a high order
equation (35) is quite complicated as well. Thus, the
numerical method is adopted which is much easier and
convenient to solve this equation. The two equations with
respect to the electromagnetic and mechanical domains have
already been determined as:

T - 22 p, 2 tebe g [k N
2 h,+g 36p,,

0 (35)
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Fig. 3(a) illustrates the surfaces of two equations in
the electromagnetic and mechanical domain, respectively.
The electromagnetic surface is divided into two parts by the
surface representing the mechanical constraints. For each
specific split ratio, there exists a corresponding minimum air
gap length. Hence, the left-side of the electromagnetic
surface is valid from the mechanical point of view. In
addition, it is obvious that a curve is defined by the
intersection of the two surfaces. This curve represents the
enveloping of valid designs in the electromagnetic domain
considering the mechanical constraints.

As shown in Fig. 3(b), the projections for enveloping
of the designs with and without the mechanical constraints
are illustrated in the 2-D plane. It can be seen that the
optimized split ratio for the maximum torque considering the
mechanical constraints is significantly reduced from 0.45(M1)
to 0.35(M2). In addition, the achievable torque has also been
decreased from 9.02Nm to 7.09Nm. M3 denotes the
optimized design with the same effective air gap length of
M2 when the mechanical constraints are not considered. It
can be seen that the optimized split ratio is reduced from
0.45(M1) to 0.41(M3) due to the increase of air gap length.
When the mechanical constraint is then considered, the

5
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optimized split ratio is further reduced to 0.35(M2). This
reduction can be attributed to the different level of limitation
on the air gap flux density with the increasing of the split
ratio.

Fig. 3(c) shows the minimum required air gap length
and the corresponding maximum air gap flux density with
increase of split ratio. It can be seen that the flux density is
dramatically decreased due to the increased air gap length.
This limitation becomes more obvious with the increase of
split ratio when the PM thickness is given. Hence, the shift
of optimized split ratio does not only result from the

d

Fig. 3. Optimized split ratio under mechanical constraints (y =0.5, p=2, 6=2mm, hm =8mm, nmax=120kr/min)
(a) Variation of electromagnetic torque with split ratio and air gap length

(b) Variation of electromagnetic torque with variation of split ratio

(c) Variation of minimum air gap length and maximum air gap flux density with split ratio

(d) Optimization procedure for split ratio of HSPMM considering mechanical constraints

increase of air gap length due to presence of the sleeve
which has been proved in the previous section. More
importantly, the restriction for the air gap flux density also
varies with the split ratio. The difference between the
restricted flux density with the unrestricted one becomes
larger with the split ratio increasing. Thus, the optimized
split ratio corresponding to the maximum torque has to be
decreased. The maximum torque has also been decreased
due to a reduction of the achievable air gap flux density. The
optimization procedure for the optimized split ratio is shown
in Fig. 3d.

6
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Fig. 4. Three optimized designs with and without
consideration of mechanical constraints (y =0.5, p=2,
0=2mm, hm =8mm, nmux=120kr/min)
(a) Cross-sections of three optimized designs for maximum
torque (y =0.5, Npax=120kr/min)
(b) Flux distributions of three optimized designs for
maximum torque (y =0.5, Nypac=120kr/min)
(c) Spectra of air gap flux densities of three optimized
designs for maximum torque, without/with mechanical
constraints
(d) Contact pressures between permanent magnets and rotor
back-iron and radial deformation of sleeve of two optimized
designs with and without mechanical constraints (carbon-
fibre, nyax=120kr/min)

Fig. 4(a) shows the cross sections of the optimized
designs with and without consideration of mechanical

Table 1 Parameters of the optimized designs

Parameters M1 M2 M3

Stator outer diameter 90mm
Stator bore diameter 44.5mm  39.5mm  44.9mm
Split ratio 0.45 0.35 0.41
Rotor outer diameter 40.5mm 31.5mm  36.9mm
Rotor shaft diameter 6mm
Physical air gap length 2mm
Sleeve thickness - 2mm 2mm
PM thickness 8mm
Stator yoke thickness 5.5mm 4.4mm 5.2mm
Stator teeth width 1 1mm 8.8mm 10.5mm
Stator axial length 55mm
Phase resistance 5.3 mQ 3.0mQ 4.8mQ
Phase inductance 29uH 30uH 28uH
Number of turns 20
Phase Current 85A 105A 91A

constraints. Clearly, the split ratio is significantly reduced.
The design parameters of each machine are given in Table 1.

Fig. 4(b) illustrates the flux distributions of
optimized designs with or without the mechanical
constraints. Evidently, the design with mechanical
constraints (M2) exhibits less saturation in the stator iron
than the one without mechanical constraints (M1) due to
increase of air gap length. On the other hand, when the total
effective air gap length keeps constant, the optimized design
without mechanical constraint (M3) has a similar stator as
well as air gap flux density compared with that with
mechanical constraint (M2).

Fig. 4(c) illustrates the spectra of air gap flux
densities of three optimized designs with and without
consideration of mechanical constraints. Both M2 and M3
clearly exhibit much lower fundamental flux density than
M1, which agrees well with the trend in Fig. 4(b).

The contact pressures between magnets and rotor
back iron for two optimized designs are shown in Fig. 4(d).
It should be noted that the absolute value of contact pressure
represents the stress level. The negative sign represents the
direction of contact pressure (points to centre in the polar
coordinates system). It can be seen that the minimum
contact pressure lies on the surface between the permanent
magnet and the rotor back iron. The minimum contact
pressure for the design without consideration of mechanical
constraints (M3) is 0.053MPa, making the permanent
magnets finally detach from the rotor back iron. Meanwhile,
the contact pressure for the optimized design considering
mechanical constraints (M2) is -0.036MPa which provides a
residual force for permanent magnets sticking on the rotor
back iron. To conclude, M2 proves to be the most feasible
design solution with the maximum electromagnetic torque
when the mechanical constraints are taken into consideration.
The geometrical parameters of the designed HSPMM are
shown in Table I. It should be noted that the geometrical
parameters in Fig.1 are not the same with M2.

In addition, it should be noted that the thermal
constraints in terms of stator iron loss as well as AC copper
loss and rotor eddy-current loss also affect the split ratio of
HSPMM due to the restriction of flux density. This will be
studied in future research.



4. Influence of Design Parameters on Optimized
Split Ratio

As shown in the previous section, the optimized split
ratio with a given flux ratio and permanent thickness for
HSPMM can be obtained. However, from (29), it can be
seen that the mechanical constraints are closely related with
flux density ratio as well as the sleeve material physical
properties and maximum operating speed. In this section,
the influence of the previous parameters on the optimized
split ratio of HSPMM is investigated. It is worth mentioning
that the level of limitation on flux density for magnets of
different thickness will not change significantly when the
split ratio increases. Thus, the magnet thickness has no
significant influence on the determination of optimized split
ratio.

4.1. Influence of Flux Density Ratio

From (33), it can be seen that the optimized split ratio
considering the mechanical constraints still depends on the
slot area which is closely related with the flux density ratio.
Fig. 5(a) illustrates the variation of optimized split ratio with
flux density ratio, and clearly shows that the optimized
value decreases with the increase of flux density ratio. This
can be attributed to the increase of width of the slot teeth
and thickness of yoke while the flux density ratio is
increasing. Hence, the slot area is consequently reduced. In
order to maintain the constant copper loss, the stator bore
diameter has to be reduced. It can be seen that with the
decrease of flux density ratio, the difference between the
optimized split ratios with and without consideration of
mechanical constraints increases. This can be attributed to
the increasing air gap length with the increasing split ratio,
when mechanical constraints are considered. Thus, the stator
bore diameter increases faster, which in turn restricts the
increase of optimized split ratio so that the copper loss can
be constant.

4.2. Influence of Maximum operating speed

In the practical design, the worst case should always be
considered. The contact pressure between the magnet and
the rotor back iron turns into the minimum when the
machine operates at the maximum operating speed. Hence,
the optimum split ratio is quite interdependent with the
maximum operating speed at which the contact pressure
must be no smaller than zero. As can be seen from (29), the
mechanical constraint is closely related with the maximum
operating speed. The limitation on split ratio becomes more
demanding with the increase of maximum operating speed.
In this section, the influence of maximum speed on the
optimized split ratio for HSPMM s is investigated.

Fig. 5(b) illustrates the different surfaces with respect to
the different maximum operating speeds. It can be seen that
with the increase of maximum operating speed, the smaller
valid surface of the designs than that without constraints can
be obtained. On the other hand, as shown in Fig. 5(c), when
the maximum operating speed is relatively small, the
envelop of the valid designs is almost the same as that of the
design surface without constraints, which means that the
optimized split ratio, as well as the maximum achievable
torque, remain almost stable at lower speed. Under this
circumstance, the mechanical constraints can be ignored.
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Table 2 Material properties

Material PM Carbon Inconel Stainless
properties (NdFeB) fiber 718 Steel 304
Density (kg/m?) 7400 1620 8200 7600
Young’s
Modulus (GPa) 160 140 199 196
Tensile strength
(MPa) 120 1400 1100 500
Cost ($/kg) 40 150 65 23

As shown in Fig. 5(d), the optimized split ratio keeps
decreasing with the increase of maximum operating speed.
On the other hand, when the maximum is below 45kr/min,
the optimized split ratio almost remains unchanged
compared with the one without consideration of mechanical
constraints. When the maximum operating speed is
relatively low, the required sleeve thickness for the selected
sleeve material will not be comparable to the mechanical air
gap length. Thus, the air gap flux density will only drop very
slightly.

4.3. Influence of Retaining Sleeve Material

The sleeve material is very important to the design of
HSPMM due to its strong tensile strength. The material
properties of typical retaining sleeves and PMs are shown in
Table 2. It can be seen that carbon fibre is equipped with the
greatest tensile strength while the one for stainless steel has
the least. However, the cost of carbon fibre is also the
highest. The criteria of sleeve selection should take the cost
and the electromagnetic performance as well as the
mechanical robustness into consideration.

The minimum air gap length can be easily obtained from
(29), as shown in Fig. 6(a). Carbon fibre shows great
advantages for its smallest sleeve thickness, especially at
higher speed. Fig. 6(b) illustrates the electromagnetic torque
versus split ratio under the mechanical constraints with
different sleeve materials at the speed of 60kr/min. It is
obvious that HSPMM with carbon fibre sleeve has the
highest torque density compared with the others due to the
relatively larger air gap flux density. In Fig. 7(a), it can be
seen that the maximum air gap flux density for the design
with carbon fibre is larger than the others due to a smaller
effective air gap.

As mentioned before, the maximum operating speed
has a significant impact on the maximum torque as well as
the optimized split ratio of HSPMM. The optimized split
ratios for HSPMM equipped with three different sleeve
materials, respectively, are shown in Fig. 7(b). With respect
to maximum operating speed, the optimized split ratio for
machines with carbon fibre is not as sensitive as the one for
machines with Inconel and stainless steel.

In addition, as shown in Fig. 7(c), the maximum
achievable torque for HSPMM equipped with carbon fibre is
higher than that of Inconel. This difference becomes larger
with the increase of the maximum operating speed which
indicates that the carbon fibre is extremely suitable for ultra-
high speed applications. On the other hand, the Inconel
compromises the cost and mechanical robustness, exhibiting
advantages in the medium speed range.
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Fig. 6. Variation of electromagnetic torque with split
ratio with respect to different sleeve material (y=0.5,
hw=8mm, nuu=60kr/min)

(a) Variation of minimum air gap length versus split
ratio with respect to different sleeve material

(b) Electromagnetic torque versus split ratio and air
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5. Prototyping and Experimental Verification

Based on the previous optimization method, a three
phase, 6-slot/4-pole high speed permanent magnet machine
is prototyped. As is shown in Fig. 8(a), the rotor is equipped
with surface-mounted magnets which are under the
protection of a carbon fibre sleeve. The prototype machine
is driven by another motor to test the back-EMF waveform,
Fig.8(b), in which the measured and simulated open-circuit
phase back-EMFs are compared at 36krpm. The static
torque is measured with the method proposed in [21] and
compared with the measured result in Fig. 8(c). It can be
seen that the measured results agree well with the simulated
one, which further confirms the validity of analysis in this

paper.

6. Conclusion

In this paper, the optimized split ratio for HSPMM
has been analysed with the consideration of mechanical
constraints including the sleeve circumferential stress limit
and contact pressure requirement between the magnets and
the rotor back iron. The analytical results have been verified
by the finite element analyses and experimental data. It has
been shown that the optimized split ratio is significantly
reduced when the mechanical constraints are taken into
account. Furthermore, the achievable torque has also been
decreased sharply due to the limitation on the maximum air
gap flux density. The influences of flux density ratio, as well
as the sleeve material and maximum operating speed on the
optimized split ratio, have also been investigated. It is shown
that the optimized split ratio is reduced significantly with the
increase of flux density ratio. The carbon fibre exhibits
distinctive advantages among the commonly used sleeve
materials with the highest torque density, making it
extremely suitable for ultra-high speed applications.
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(a) Maximum air gap flux density versus split ratio
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(b) Optimized split ratio versus maximum operating
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