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ABSTRACT High-speed rotating mechanical machinery is a developed, mature and reliable technology for
many engineering applications. In high-speed permanent magnet machines, the rotor’s permanent magnet
PM is not strong enough to withstand the centrifugal force resulting from excessive rotational speed; thus, the
PM material must be protected by a non-magnetic alloy sleeve. This paper presents a novel high-speed PM
machine with solid rotor PM covered by a titanium retaining sleeve. The rotor stress condition is simplified
as a plane stress problem according to the strength measurement of solid PM rotors in the high-speed PM
motors. The analytical formulas for rotor stress are presented based on the polar coordinate displacement
method. The proposed model is compared with a conventional model having auxiliary slots in stator teeth.
Using a finite element analysis environment, the performance analysis shows that the proposed design has
reduced magnet eddy current loss, cogging torque, and iron losses. The initial design is also optimized using
a deterministic optimization algorithm that increases output torque by 26% compared to the initial design.

INDEX TERMS Airgap flux density, finite element method, high-speed permanent magnet machine, magnet
eddy current loss, retaining sleeve, rotor design, stress analysis.

I. INTRODUCTION
The electrical machines operating at high speed have been
made possible with advancements in power electronic con-
verters. The benefit of such development is that it is possible
to reduce the machine’s size with a given power rating. Such
machines are used in various areas, including compressors,
air blowers, aircraft, and automotive applications. The idea
of high-speed electrical machines is further strengthened by
advanced production techniques and accessibility of high
specification materials. However, such advantages are not
for free as the machine mechanical limitation and overheat-
ing become a significant problem for the machine designer.
Therefore, several iterations must be accomplished before
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compromise converges between the disciplines mentioned
above [1], [2].

In the last decades, the research communities highly
interested in high-speed PM machines. PM machines have
become very popular in real-time applications with the
research advancement of rare-earth magnet materials. Based
on the particular requirement of applications and specifica-
tions, 2 or 4 poles are recommended for a high-speed rotor.
In low power ultra-high-speed operations, the 2-pole rotor
configuration is selected owing to the lesser fundamental fre-
quency. The 2-pole rotor design can easily control and reduce
iron and magnet eddy current loss [3], [4]. However, several
challenges occur in the manufacturing of high-speed PM
machines due to the replacement of field winding by PM. In
advanced high-speed PMmachines, a parasitic loss is consid-
ered rotor eddy loss, as it only contributes to a small amount
of the machine’s overall power [5], [6]. Precise calculation
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of eddy current loss is essential in PM machines for high
performance and efficiency. Asynchronous harmonics causes
eddy current loss in PM machine; such harmonics are time
and spatial harmonics. Therefore, it is vital to eliminate the
time and spatial harmonics of the PM machine [7], [8].

Various machine designs were proposed to suppress rotor
eddy current loss. By enlarging the airgap length, these losses
were reduced [9], [10]; but it affects the machine power den-
sity. Eddy current paths can be break by using segmentation
and skewing techniques, which eliminates rotor eddy current
losses; however, due to the complex structure, the fabrication
of these machines is difficult and costly [11], [12].

Various techniques are applied for estimating andminimiz-
ing eddy current losses, such as the different configurations of
winding, rotor structure optimization, a shield of copper, and
covering PM by conductive enclosure [13]–[15]; however,
rotor total losses are increasing with these methods. Another
way to suppress the airgap permeance harmonics that caused
losses is to use the PWM technique [16]; however, only time
harmonics reduces in this case. Auxiliary slots in the stator
teeth are proposed by [17] to reduce the PM eddy current
loss, which partially decreases PM losses without lowering
the amplitude of the spatial harmonics.

Specific designs were suggested in [18] and [19], which
substitute the machine’s shaft with a solid permanent magnet.
A protecting enclosure is used to shield the PM and connect
the shafts from both sides, as illustrated in Fig. 1. A highly
strengthened and resistive materials enclosure, such as car-
bon fiber composite (CFC), stainless steel, and titanium, can
reduce the eddy current loss with PM safety provision [20].
Moreover, for the rated working condition, the enclosure
width can be kept minimum so that the amplitude of airgap
flux density affect slightly. To stabilize the stress, the width
of protecting enclosure and rotor stress must be correctly
calculated; otherwise, the rotor damages significantly.

FIGURE 1. Proposed rotor topology.

The conductivity of the enclosure mainly influences the
distribution of rotor eddy current losses. With the enclosure’s
high conductivity, PM eddy current loss is minimized highly.
Utilizing the benefit of this method, a highly conductive
enclosure has used; however, it increases rotor temperature
and total losses [21].

The rotor parts can experience considerable centrifugal
force and a certain amount of thermal stress at high-speed
operating conditions. Therefore, the primary issue for high-
speed PMmachines in terms ofmechanical reliability is stress
analysis. Stress computation techniques are categorized into

finite element and analytical analysis. Reference [22], [23]
use the finite element method, while numerous other research
articles proposed an analytical computation model [24]–[29].
Reference [24] suggested a simplified analytical approach
based on the premise that the rotor is severely rotational
symmetry. The displacement technique was proposed for
the computation of a high-speed PM machine with a non-
magnetic alloy enclosure [25] and [26]. The PM rotors are
usually modeled as the multifaceted cylinders in most analyt-
ical techniques. However, all the above-mentioned analytical
methods are valid for short stack length machines due to
planer stress utilization.

In achieving stress of each component stress in the rotor,
the objective is to assure that specific stress values are in the
material temperature and speed range throughout the oper-
ating conditions. Therefore, for allowable temperature and
speed, the worst operating conditions must be determined for
each part of the rotor. Hence, instead of the entire operating
range, the rotor stress is calculated only in the rated working
condition. The effect of temperature and operating speed on
the tangential and radial stress of enclosure and PM has been
thoroughly examined in [30], [31] stated that the thermal
expansion must be addressed due to the considerable effect
in the enclosure tangential stress.

This paper proposed a 3-slot/2-pole high-speed PM
machine model using a titanium enclosure over the solid PM
rotor to reduce magnet eddy current loss, cogging, and iron
losses and investigate the rotor sleeve stress. The results are
computed by finite element analysis (FEA) and analytical
equations for the proposed design and then optimized the
proposed model for high output electromagnetic torque at
different working conditions.

II. DESIGN METHODOLOGY
The design methodology of the proposed 3-slot/2-pole high-
speed permanent magnet machine is investigated using
JMAG-Designer as a 2D FEA solver to evaluate the electro-
magnetic performance of the motor. A 2-pole rotor design is
selected to confine the fundamental frequency. A solid PM
rotor is used instead of a surface-mounted PM for dynamic
balance and easy manufacturing. Throughout their operation,
the losses present in these machines are of great concern. The
behavior and magnetic properties of the materials used in the
manufacturing of the rotor and stator of such machines must
be considered in the design process of these machines.

Initially, the design process and setting conditions of the
proposed topology are elaborated. The methodology and sev-
eral specific conditions in investigating the proposed design’s
performance at different working conditions are also carried
out. The armature current density of the proposed model is
calculated as:

Ja =
NaI
Sα

(1)

where Ja, Na, I, S, and α are current density, number of turns,
RMS current, area of the slot, and filling factor, respectively.
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TABLE 1. Design parameters.

FromEq. 1, it shows that the number of turns directly depends
upon the slot area. For winding configuration, the concen-
trated non-overlap winding design is selected, decreasing
copper losses and improving the proposedmodel’s efficiency.

The proposed design shaft is shortened by PM, taking
the magnet volume equal to the conventional model, and a
titanium enclosure is used over it to bound the PM between
the shaft. The titanium enclosurewidth in the proposed design
is considered according to the outer diameter of the existing
design. Various materials, such as carbon fiber composite
(CFC), titanium, and copper, can also be used for the enclo-
sure. Owing to the low flexibility stiffness of CFC; conse-
quently, due to the reliance on bending stability, crucial speed,
and relatively low thermal conductivity, it is not preferred
for the enclosure. Highly rigid titanium material is selected
for the enclosure to reduce the PM losses pertaining to the
proposed motor’s rigidity and high speed.

In contrast with CFC, titanium metallic enclosure is fitted
with a comparatively lower strength to density ratio. The
titanium material enclosure also benefits from lower cost and
higher electrical and thermal conductivity; therefore, the eddy
current loss will present in titanium sleeves instead of PM. In
addition to the thermal and electromagnetic aspects, such as
mitigation of rotor losses, the enclosure option should also
consider the mechanical factors, including magnet protection
and penetration of harmonics into the PM, it acts as a shield.

There are some restrictions and specifications to be fol-
lowed in order to design a motor. The summary of overall
restrictions and specifications is as shown in Table. 1, and
Table. 2. The structural view of conventional and proposed
designs is shown in Fig. 2 (a) and (b).

In this design, the target performance to reduced cogging
torque and magnet eddy current loss is expected to achieve,
using the exact specification with the conventional design.
The rated armature current density, Ja, is set to 4.47A/mm2.
Therefore, the proposed design obtained reduced magnet
eddy current loss, iron loss and cogging torque, and enhance
output torque at various operating conditions.

The performances of the initial design that have been
successfully developed are then evaluated and analyzed.

FIGURE 2. 2D view of (a) conventional design, and (b) proposed model.

TABLE 2. Sleeve material properties.

The investigation is divided into two parts, which are no-load
and load analysis. Under the no-load study, cogging torque
characteristics, flux linkage characteristics, flux distribution,
flux lines, and eddy current loss in PM are investigated.
At different armature, current density conditions, the max-
imum output torque, iron loss, and eddy current loss in
PM are examined for load analysis. Fig. 3 illustrates the
implementation procedure of the proposed design for FEA
analysis.

III. PROPOSED STRESS ANALYSIS OF RETAINING SLEEVE
For sleeve stress analysis, we use the model presented
in [32]. As a plane stress problem, we simplify the rotor
stress condition. The analytical formulas of rotor stress are
obtained by solving the differential equation of stress for the
non-magnetic alloy enclosure.
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FIGURE 3. Design procedure.

Using elastic mechanics theory, equilibrium differential
equation of non-magnetic alloy sleeve is

dσrh
dr
+
σrh − σθh

r
+ σhω

2r = 0 (2)

where,
σθh and σrh are the tangential and radial stress of enclosure

in the radius of r, respectively.
ρh; is density,
ω; velocity(angular),
After considering the temperature rise of sleeve material,

one gets the following relation:
εrh =

1
Eh
(σrh − µhσθh)+ βh.1Th

εθh =
1
Eh
(σθh − µhσrh)+ βh.1Th

(3)

where,
εrh; radial strain,
εrh; tangential strain,
Eh; Young’s modulus,
µh; Poisson’s ratio,
βh; thermal expansion coefficient,
1T h = Th (r)− Th0(r),
Th(r); temperature of sleeve at high speed,
Th0(r); temperature of sleeve at an initial time,
The geometric equation of sleeve material is

εrh =
duh
dr

εθh =
uh
r

(4)

where,
µh; radial displacement of the sleeve in radius r ,

Combining eq. (3) with (4) yields:
σrh =

Eh
1− µ2

h

[
duh
dr
+ µh

uh
r
− (1+ µh) βr ·1Th

]
σθh =

Eh
1− µ2

h

[
uh
r
+ µh

duh
dr
− (1+ µh) βh ·1Th

] (5)

From eq. (2) and (5) we obtain:

d2uh
du2
+

1
r
duh
dr
−
uh
r2

= βh (1+ µh)
d (1Th)
dr

−
ρhω

2r
(
1− µ2

h

)
Eh

(6)

By solving Eq. (6), we can obtain:

uh (r) = C1hr +
C2h

r
−
ρhω

2r3
(
1− µ2

h

)
8Eh

+βh (1+ µh)
1
r

∫ r

Rhi
1Th·rdr (7)

where the coefficient C1h and C2h are undetermined.
Putting eq. (7) in (5), we can achieve the tangential and

radial stresses of the sleeve:

σrh (r) = −
Ehβh
r2

∫ r

Rhi
1Th · rdr

+
Eh

1− µ2
h

[
C1h (1+ µh)+ C2h (µh − 1)

1
r2

]
−
ρhω

2r2 (3+ µh)
8

(8)

σθh (r) =
Ehβh
r2

∫ 2

Rhi
1Th · rdr − βh ·1T · Eh

+
Eh

1− µ2
h

[
C1h (1+ µh)+ C2h (1− µh)

1
r2

]
−
ρhω

2r2 (3µh + 1)
8

(9)

From Eq. (8) and (9), we can compute Von-Mises stress of
the non-magnetic alloy sleeve:

σhMises =

√
1
2

[
(σrh − σθh)

2
+ (σrh)

2
+ (σθh)

2] (10)

The boundary condition of the stress of the sleeve is{
σrh|r=Rhi = −P
σrh|r=Rh0 = 0

(11)

Substituting Eq. (8) into (11), we get the undetermined
coefficients C1h and C2h:

C1h =
−P · (1− µh)

Eh
(
1− α−2h

) − (1− µh) βh

R2hi
(
1− α−2h

) ∫ Rh0

Rhi
1Th · rdr

+
ρhω

2R2h0 (3− µh)
(
α2h + 1

)
8Eh

(12)
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where αh =
Rhi
Rh0

;

C2h=
−P · (1+µh)R2hi
Eh
(
α2h − 1

) −
(1+µh) βhR2hi
R2h0

(
α2h − 1

) ∫ Rh0

Rhi
1Th · rdr

+
ρhω

2R2h0 (1+ µh) (3+ µh)R
2
hi

8Eh
(13)

IV. PERFORMANCE ANALYSIS OF PROPOSED DESIGN
The performance analysis of the proposed design is carried
out in this section. The workflow of performance investiga-
tion is shown in Fig. 4. Initially, the operating principle of
novel design is needed to investigate at no-load. The no-load
analysis provides excitation only from the permanent magnet
and set armature coil current at zero, called coil test analysis.
A coil arrangement test analysis is performed to examine
each armature coil of the proposed model. Two coils must
have identical characteristics during performing a three-phase
armature coil arrangement. All coils’ directions are arranged
so that a sinusoidal waveform is achieved with 120 phase
shifted. The generated fluxes are thenmonitored through each
armature coil, and their flux profile is compared with each
other.

The FEA analysis performed at the open circuit, contains
the investigation of flux linkage, cogging torque, and PM
eddy current loss distribution. In contrast, the short circuit
analysis includes average PM eddy current loss and electro-
magnetic torque at various working conditions.

FIGURE 4. Performance analysis procedure.

A. FLUX LINKAGE
Initially, the operating principle of the 3-Slot/2-Pole
machine must be validated and investigate the armature coil

three-phase system. Fig. 5 shows the peak magnetic flux
amplitude of the proposed model obtained is about 10mWb
with an almost sinusoidal waveform.

FIGURE 5. Three-phase flux linkage of the proposed design.

In comparison with the existing design, Fig. 6 shows
the U-phase flux linkage of the conventional and proposed
model. Owing to the addition of enclosure in the proposed
design, the flux-linkage of the proposed model is marginal,
i.e., 7.4% decreased from the existing design.

FIGURE 6. Flux linkage of conventional vs. proposed design.

B. EDDY CURRENT LOSS PM
Compared to other machines, PM machines have high core
losses. Due to the ferrite magnet’s high resistivity, PM eddy
current loss is usually neglected in PMmachines. In contrast,
the rare-earth magnet Nd-Fe-B has a poorer resistivity, which
can be demagnetized in high-speed PMmachines as the rotor
temperature increases. Therefore, a practical calculation of
core losses is essential for high efficiency and better perfor-
mance of PMmachines. The 2D FEA analysis of eddy current
loss distribution in PM of existing and the proposed model is
illustrated in Fig. 7 (a) and (b), respectively. Comparing both
models indicates that the distribution of losses is significantly
reduced in the proposed design.

The estimated eddy loss of PM is computed by the analyt-
ical equations presented in [19] given as follows:

Pm ≈
Vmb2mB̂

2
mω

2

12ρm
(14)

where: ω: frequency, ρm: resistivity of PM, bm: PM width,
Bm: airgap flux density, Vm: PM volume
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FIGURE 7. 2D distribution of loss in solid PM.

FIGURE 8. PM eddy current loss comparison.

Fig. 8 demonstrates that themagnet eddy current loss of the
proposed design is significantly less than the existing design
at various input currents. In the existing design, the PM eddy
current loss first decreased with rising the amplitude of input
current; however, after 10 A of current, the losses increase.
These losses follow the same behavior in the proposed design,
but the amplitude of magnet eddy current losses were 86.7%
decreased than the existing design.

C. COGGING TORQUE
Cogging torque for the proposed machine model
at 60000 rpm speed and 0 A/mm2 armature density Ja is
investigated and shown in Fig. 9. It is vital that for better
operation and output performance, a motor should have low
cogging torque. Fig. 9 shows that the proposed design’s
cogging torque is 70% lesser than that of the conventional
model, which validates the effectiveness of the proposed
model.

D. ROTOR STRESS WITH TITANIUM SLEEVE
To attain the precise value of sleeve stress in the proposed
3-Slot/2-Pole high-speed PM machine at 60000 rpm, the 2D
FEA analysis of rotor stress is performed. Fig. 10 shows the
2D FEmodel of stress distribution in titanium sleeve. It can be
examined that due to the pre-stress caused by the interference
fit, the maximum stress occurs at the contact surface between
the sleeve and magnet. The maximum stress of 0.7287MPa is
predicted in the sleeve, much lower than the allowable stress.

FIGURE 9. Comparison of cogging toque.

FIGURE 10. Sleeve stress at 60000 rpm.

Hence, for the stress analysis, the proposed 2D FE model is
very effective due to less computation time.

E. INSTANTANEOUS TORQUE
Initially, the proposed machine’s electromagnetic torque at
various rotor positions is examined at optimal Ja condi-
tion of 4.405A/mm2. Instantaneous torque characteristic is
achieved when a maximum load was applied. Fig. 11 shows
the output electromagnetic torque of the proposed model and
reveals that the rated torque has a low torque ripple; however,
the torque amplitude is decreased compared to the existing
design. The proposed model’s output torque is reduced by
20.4% from the conventional design. The average torque
reduction is mainly due to the width of the sleeve that reduces
the flux linkage strength.

F. IRON LOSSES
Iron losses consist of dynamic and hysteresis losses, such as;

PFe = Pd + Ph (15)

where Pd and Ph are the dynamics and hysteresis losses,
respectively.

According to Eq. (16), the iron losses are depending upon
the frequency and magnetic flux density [33],

PFe = Kh (f ,Bm) fB2m + Ke(f ,Bm)f
2B2m (16)
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FIGURE 11. Instantaneous torque comparison.

where f , Ke, Kh and Bm are the frequency, coefficient of eddy
current losses, coefficient of hysteresis losses, and magnetic
flux density, respectively.

The varying flux density in the stator and rotor core
that results in iron losses significantly influences the
machine electromagnetic performance and output power. The
proposed design reduces the variation in the magnetic flux
density due to rotor core consumption. The high armature
reaction produced by the significantly elevated electric load-
ing increases the motor iron losses. The comparison of iron
losses of the conventional and proposed design is shown in
Fig. 12, which illustrates that due to consumption of rotor
core in the proposed design, the iron losses decrease from
230 W to 127.7 W.

FIGURE 12. Iron loss comparison of the proposed and conventional
model.

The time and spatial harmonics are the sources of mag-
net eddy current loss. The Airgap magnetic field analy-
sis determines spatial harmonics source in the proposed
3-Slot/2-Pole design. The tangential and radial components
of airgap flux density distribution at 60000 rpm are shown
in Fig. 13 and 14, respectively. The FEA analysis shows that
the proposed design eliminates the spatial harmonics consid-
erably compared with the conventional design.

The 2nd spatial harmonic has a high influence on the eddy
current loss of PM. The harmonics of airgap flux density were
simulated at various operating conditions to investigate the
spatial harmonics in detail. It is worth mentioning that the

FIGURE 13. Tangential airgap flux density comparison.

FIGURE 14. Radial airgap flux density of conventional and proposed.

other harmonics have a minor effect on the losses. Therefore,
the 2nd spatial harmonic is selected for the analysis, and the
simulated 2nd harmonic is shown in Fig. 15. Fig. 15 demon-
strates that by applying the proposed model, the amplitude of
the 2nd harmonic is decreased by 45% from the conventional
design.

FIGURE 15. 2nd harmonics of airgap flux density of the conventional and
proposed design.

The 2nd harmonic amplitude doesn’t eliminate in the pro-
posed design; however, it was much smaller than the existing
design; thus, the magnet eddy current loss reduced consider-
ably. Only the 2nd harmonic were examined here; neverthe-
less, these principles can also be used for analysis of other
harmonics. The slightly increased behavior is observed in the
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FIGURE 16. Comparison of output torque at various conditions.

amplitude of airgap flux density 2nd harmonic corresponding
to the input current at different operating conditions.

V. ANALYZING LOSSES AND TORQUE AT VARIOUS
OPERATING CONDITIONS
In the previous section, the electromagnetic performance
of proposed design was addressed at rated current density.
Nevertheless, the rated conditions can be change; conse-
quently, an analysis at various current density is necessary.
The output torque and PM eddy current loss of conventional
and proposed design is demonstrated in Fig. 16 (a), (b), and
Fig. 17 (a), (b) respectively. The figures show that the change
in the angle of current slightly influences PM to eddy current
loss. Whereas an increase in the magnitude of input current
significantly increases the losses in the existing design. In
contrast, a slight effect on themagnet eddy current loss occurs
corresponding to the proposed design’s current amplitude and
angle. Consequently, PM eddy current losses in the proposed
design are considerably reduced than the existing design at
various operating conditions. The eddy current losses are
decreased by 78.7%, at a current amplitude of 15 A and
90◦ angle compared with the existing design. However, the
proposed design has less electromagnetic torque throughout
the operating range.

FIGURE 17. Magnet eddy current loss in conventional vs. proposed
design.

In the proposed design, the average torque was lower than
that of the existing model; hence, deterministic optimization
technique (single variable optimization) was used to opti-
mized the proposed design.

VI. OPTIMIZATION OF THE PROPOSED DESIGN
The initial design is optimized to achieve optimal perfor-
mance by updating defined parameters of rotor, stator, and
sleeve, as illustrated in Fig. 18. The targeted output torque
of 148mNm is expected to achieve in the optimized design.
A deterministic optimization technique shown in Fig. 19
improves the proposed model’s torque by optimizing the
stator pole and yoke width. The permanent magnet and airgap
volume are kept constant, while the free parameters S1, S2,
and S3 are changed.

The optimization procedure reduces the stator pole and
yoke width, increasing the stator slots area at fixed armature
current density. The increase in stator slot results in changing
the number of turns and hence electric loading. The current
density and filling factor of 4.47A/mm2 and 0.5, respectively,
were determined from the conventional design. The number
of turns for the armature coil is calculated from Eq. (17).

Na =
JaSaα
Ia

, (17)

41610 VOLUME 9, 2021



H. A. Khan et al.: Design and Performance Investigation of 3-Slot/2-Pole High Speed Permanent Magnet Machine

FIGURE 18. Design parameters of optimization.

where Ja, α, Sa, Ia, and Na are current density, filling factor,
area of the slot, input current, and the number of turns,
respectively.

FIGURE 19. Flow chart of the optimization process.

In the optimization process, shown in Fig. 19 the stator
parameters are updated initially; the stator yoke size S1 is
the first modified parameter due to its dominant effect, where
torque is directly proportional to the increase in the internal
radius of the stator. Nevertheless, too much decrease in S1
while keeping the stator pole depth constant will reduce back
iron length, causing limitation of flux flow resulting in yoke
saturation. Therefore, the yoke size S1 was optimized accord-
ing to the allowable constraints. The stator yoke width S1 is
kept constant once the maximum torque is achieved, and S2
and S3 are then optimized. Optimizing the stator pole width
S2 and sleeve width S3 can also improve the performance

TABLE 3. Design parameters.

of the proposed design. However, too narrow stator pole and
sleeve width will inhibit optimal flux from flowing and tend
to degrade themachine’s performance. Hence, parameters S1,
S2, S3 are optimized with the constraints that the pole, yoke,
and sleeve are not saturated.

The optimization process and modification of design
parameters are iterated until the optimum output torque is
achieved. It is found that the most dominant parameters that
affect the output torque were S1 and S2, while S3 has a slight
effect on the electromagnetic torque density. The difference
between the parameters of the proposed and optimized design
are shown in Table. 3. The optimized design armature slot
has a 28.2% higher area than the proposed model to achieve
the optimum magnetic flux and maximum output torque per-
formance. The applied armature current is kept constant for
the optimized electric loading, while the number of turns is
adjusted to get the desired output torque.

FIGURE 20. Magnet Eddy current losses and output torque vs. pole size.

A. OPTIMAL DESIGN OF POLE
Fig. 20 shows the influence of pole width on the output
electromagnetic torque and PM eddy current losses. It is
found that the relationship between pole size and output
torque is inversely proportional. The figure illustrates that the
stator pole has a significant influence on eddy current losses,
which increases by 33.9% with a decrease in pole width.
Meanwhile, the proposed design electromagnetic torque has
not linearly reduced corresponding to the rise in the pole’s
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TABLE 4. Different parameters comparison.

width; however, the impact of pole width is relatively high,
which decreases the value of electromagnetic torque from
139.2 mN · m to 119 mN · m.

B. OPTIMIZED DESIGN OF BACK IRON LENGTH
The effect of yoke width on magnet eddy current loss and
electromagnetic torque is illustrated in Fig. 21. The yoke
width decreases from 5.2mm to 4mmwith a gradual decrease
of 0.2 mm. Once the maximum torque is attained, the width
of the yoke is kept constant, and the size of the pole is
modified. Fig. 21 signifies that the influence of yoke width
has the same behavior on electromagnetic torque and magnet
eddy current loss. The reduction in yoke width from 5.2 mm
to 4 mm increases PM eddy current loss by 28%. In contrast,
the output electromagnetic torque increases by 20.2%, with
the corresponding reduction in yoke width.

FIGURE 21. Width of yoke vs. output electromagnetic torque and magnet
eddy current losses.

Table. 4 shows the peak-to-peak values of optimized
design FEA outcomes at no-load and loaded conditions. After
applying optimization, the proposed model flux linkage is
increased by 13.3% from the conventional model. Com-
pared with the proposed model, the cogging torque of the
optimized model rose slightly: however, it is smaller than
the conventional design. At the maximum current density
of 4.45A/mm2, the optimized design electromagnetic torque
increases by 26% from the proposed design.

VII. CONCLUSION
During the design process of high-speed PM machines, spe-
cial attention must be paid to design issues. High-speed PM
machines can provide excellent performance in terms of con-
trollability, energy efficiency, and torque density. However,
at critical speed operations, PMs on the rotor are prone to
centrifugal force, which may break their physical integrity.
Therefore, the PMs are retained by alloy sleeves or bound
with an enclosure on the rotor surface. This paper proposes
a novel motor design using titanium enclosure for a solid
permanentmagnet rotor consideringmechanical, electromag-
netic, and thermal aspects.

The analysis shows that the proposed model has reduced
cogging torque, eddy current loss of PMand iron losses at var-
ious operating conditions by 87.6%, 70% and 44.5% respec-
tively. A 2D finite element method (FEM) is used to compute
a precise rotor sleeve stress. The proposed model is also
optimized for high output torque using deterministic opti-
mization technique. The proposed optimized 3-slot/2-pole
design with updated parameters has high output performance
in terms of electromagnetic output torque at various input
current compared to conventional design. The output aver-
age electromagnetic output torque is improved by 26.065%
compared to the initial design.
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