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ABSTRACT In high speed permanent magnet (HSPM) machines, the computation of magnet eddy current
loss is essential as these losses significantly affect the temperature of the permanent magnet (PM) and
electromagnetic performance and can result in irreversible demagnetization of the PM. Several techniques
have been adopted to minimize the eddy current loss of the PM; however, superior performance has not been
achieved yet. In this paper, the design characteristics of the HSPMmachine are analyzed. The PM is covered
by a titanium sleeve to retain the PM on the rotor and to further reduce the eddy current loss of the magnet.
The undesirable harmonics of the airgap flux density are minimized, which reduces the eddy current loss in
the solid PM and rotor. Two existing models, with and without auxiliary slots, are examined and compared
with the proposed design having a titanium-based retaining sleeve. The analysis reveals that the eddy-current
loss, cogging torque, and iron losses of the PM are reduced by 82%, 73%, and 44.7%, respectively, in the
proposedmodel; however, a marginal increase is observed in the average rated torque profile and open circuit
flux linkage.

INDEX TERMS Auxiliary slot, eddy current losses, finite element analysis, high speed machine, iron loss,
permanent magnet, sleeve, spatial harmonics.

I. INTRODUCTION
High speed permanent magnet (HSPM) machines have
become significantly popular in recent times owing to their
utilization in various applications, such as automotive and
aerospace applications, gas turbines, air blowers, and spin-
dles. A permanent magnet (PM) synchronous machine is a
suitable choice because of its small size, high efficiency,
and high power density [1], [2]. Since the introduction of
high power PMs, several papers have been published on
PMs employed in models that are designed for high speed
applications [3]–[5].

However, several challenges exist in the manufacturing
of HSPM machines as field windings are replaced by PMs.
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In comparison with other machines, the core loss of the
PM machine constitutes a high proportion of the total loss.
A proper design for the high speed machine is necessary
because the rotor body and its components can be easily
damaged owing to the high eddy current loss [6]. For better
performance and high efficiency, precise estimation of the
core loss for a PM machine is crucial. Usually, the eddy
current losses are small when compared to other losses; how-
ever, due to comparatively inefficient heat dissipation system,
the heat remains in the PM rotor, which can heat the PM and
result in irreversible demagnetization of the magnet. In PM
machines, the eddy current loss is produced by asynchronous
harmonics; such harmonics are spatial harmonics in a stator
magnetomotive force distribution and time harmonics in a
stator non-sinusoidal current waveform, which significantly
affect the performance of the machine. In PM machines,
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the rotor losses are caused by a permeance variation of the
airgap due to the slotting of the stator. When pulse width
modulation (PWM) inverters are used for the excitation of PM
machines, eddy current losses are produced by the switching
harmonics of the PWM inverter [7], [8]. Hence, it is essential
to diminish the spatial and time harmonics of the machine.
There are significantly strong mechanical and thermal con-
straints for high speed machines that restrict their power
and speeds limits [9], [10]. For HSPM machines, the eddy
current loss computation is very important, as it considerably
increases with the speed of the machine and influences the
magnet temperature as well as the efficiency and output
torque; moreover, this loss can demagnetize the PMs.

The eddy current loss in a surface-mounted PM machine
is greater than that of interior PM (IPM) motors owing to
the large stator-slot openings. Nevertheless, in IPM motors,
the magnetic path changes because of the permeance distri-
bution of the rotor with rotation, which causes magnet eddy
current losses [11], [12].

In the last decade, several researchers have focused on
the reduction of magnet eddy current loss. To suppress the
eddy current loss of rotor, different machine models were
proposed. A possible solution to this problem is the opti-
mization of winding, which is the most important factor for
these machines because a suitable winding configuration can
minimize the spatial harmonics of the armature field (AF)
efficiently [13]–[15]. Rotor shape optimization is the best
choice to diminish the eddy current loss and cogging torque
while increasing the power density and efficiency of the
machine; however, these approaches have a disadvantage of
a low winding factor; consequently, a high copper loss occurs
for the same output torque [16].

Rotor eddy current losses are minimized by increasing the
length of the airgap; however, it influences the power density
of the machine [17]. Skewing and segmentation can also be
used to break up the paths of the eddy current, resulting in
a reduction in eddy current loss; but the process is com-
plicated, difficult to fabricate, and has a high cost of pro-
duction [18], [19]. While using the process of segmentation,
the magnet eddy current loss reduces in accordance with the
number of divisions. However, [20] shows that this rule is
applicable only when certain parameters are neglected, such
as skin effect, end effect, and uniform magnetic flux density
along the width of the PM.

Owing to the return path of the eddy currents in the PM,
the eddy current loss is a three dimensional (3D) problem
that requires a 3D finite element analysis (FEA) for computa-
tion; however, this technique is significantly time consuming.
These losses can also be calculated analytically, which is
considerably effective but difficult to implement [21]. Several
analytical methods including the FEA are limited to two-
dimensional (2D) analysis because of the difficulty in calcu-
lating the rotor eddy current loss [22]–[24].

Several other methods are used for estimation and reduc-
tion of these losses, such as conducting sleeve and copper
shielding [25]–[27]; however, these methods increase the

total eddy current losses of the rotor. The utilization of PWM
is another method to reduce the harmonics of the airgap
permeance that cause eddy losses [28]; however, this method
only diminishes the time harmonics.

The eddy current loss of the magnet can also be decreased
by optimizing the slot opening and its position; however,
the reduction was only 15% [29]. The rotor-shape and core
optimizations can also reduce the eddy current loss of the
PM. Notching in the stator teeth or introducing auxiliary slots
(AS) in the stator teeth to minimize the eddy current loss of
the PM were proposed by [30], [31], which partially reduced
the magnet eddy current losses. However, the amplitude of
the spatial harmonics was not minimized.

FIGURE 1. Rotor topology with solid permanent magnet.

In [32], [33], certain designs were proposed, in which a
solid PM was used and the shaft was replaced by the PM.
To protect the PM and link the shafts from both sections,
a retaining sleeve is used, as shown in Fig. 1. To retain the
PM on the rotor and minimize the eddy current loss of the
PM, high strength, highly resistive retaining sleeve materials
are used, such as Inconel, stainless steel, titanium, and carbon
fiber composite (CFC) [34], [35]. The rotor stress and retain-
ing sleeve thickness must be calculated accurately to stabilize
the stress, otherwise the rotor can be critically damaged.

Tensile stress in the magnet is converted to compressive
stress by the retaining sleeves; hence, high tensile strength
materials are preferred for the sleeve. Nonmetallic and plastic
sleeves can minimize the magnet eddy current loss drasti-
cally; however, the sleeve is typically thermal resistive and
thus resists the heat from the magnets. As the sleeves are
directly in contact with the airgap, a further advantage of
easy cooling is demonstrated. The distribution of eddy current
losses in the rotor is primarily affected by the sleeve conduc-
tivity. With the high conductivity of the sleeve, the PM eddy
current loss is specifically reduced. To utilize the advantage
of this technique, high conductive sleeves are used; however,
this results in an increase in the total rotor eddy current losses
[25].

This paper proposes a design to diminish the eddy current
loss of the PM by using a titanium sleeve over the PM and
incorporating AS in the teeth of the stator. The rotor eddy
current losses are computed by FEA analytical method for
the proposed model. The proposed design is optimized for
minimum eddy current loss and a high value of average rated
torque.

The paper is organized as follows. In section II, the design
methodology for both conventional designs and the pro-
posed design are analyzed. Sections III and IV discuss the
analytical calculation of the magnet eddy current and iron
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losses, respectively. The open-circuit and short-circuit anal-
yses based on the FEA are examined in section V. In section
VI, the effects of different working conditions are investi-
gated for both the conventional and proposed designs. Finally,
in section VII, the optimization of the proposed design is pre-
sented, and the different parameters of the conventional, pro-
posed, and optimized designs are compared and discussed.

FIGURE 2. Cross-sectional view of (a) conventional model without
auxiliary slots (AS), (b) conventional design with AS, and (c) proposed
model.

II. DESIGN METHODOLOGY
In this paper, the design study and performance analy-
sis of a two-pole/three slot PM machine are investigated.
A two pole/three slot machine with concentrated winding
was selected for winding configuration, which can reduce the
copper losses and improve the performance of the machine.

TABLE 1. Design parameters.

The performance of two conventional machines, i.e., without
AS and with AS, as shown in Figs. 2 (a), (b), respectively,
were analyzed and then compared with the results of the
proposed design. The design parameters of the conventional
and proposed designs are listed in Table 1. A two pole rotor
machine was selected due to the high operating speed of
the machine to restrict the fundamental frequency. Instead
of a surface-mounted PM, a cylindrical solid PM was used
for rotor balance dynamic and ease of manufacturing. In the
rotor topology shown in Fig. 1, the sleeve on the PM is
mounted through an interference fit. As the critical speed
strongly varies according to the bearing span, the mechanical
constraints of the design are critical.

For analyzing the source of spatial harmonics in the
machine, an analysis of airgap magnetic field is required.
Minimizing the spatial harmonics that result in PM eddy
current loss, we propose a design that uses a titanium-based
retaining sleeve over the PM, as shown in Fig. 2(c). By using
the titanium sleeve over the PM, the amplitudes of the airgap
flux density harmonics were reduced, and the angle between
the AF harmonics and the PM field harmonics was approx-
imately 180 ◦C, which further reduced the magnet eddy-
current loss. The thickness of the sleeve is considered as
the outer radius of the proposed model, which is not greater
than that of the conventional model. Different materials, such
as CFC, copper, and titanium, can be used for the sleeve,
which reduces the eddy current loss. The CFC has low flex-
ibility stiffness; consequently, it is not used for the sleeve
because of the dependency on bending rigidity, critical speed
of the rotor, and low heat-transfer coefficient, which affect
the thermal performance of the machine. A copper sleeve
can considerably reduce the magnet eddy current loss, but
it increases the rotor total eddy current losses; hence, it is
not preferred for the sleeve. The critical speed and bending
rigidity of the proposed rotor primarily depends on the sleeve;
therefore, a high-stiffness titanium material was considered
for the sleeve to minimize the magnet eddy-current loss as
well as suppress total iron losses of the machine.

III. PROPOSED ANALYSIS OF MAGNET EDDY-CURRENT
LOSS
In PM machines, the core loss constitutes a major por-
tion of the total losses compared to other machines. Hence,
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for improved performance and high efficiency of the PM
machines, an efficient computation of core losses is crucial.
In the PM machines, magnet eddy-current losses are usually
neglected owing to the high resistivity of the ferrite magnets;
in contrast, the rare-earth magnets such as Nd-Fe-B have
lower resistivity. Hence, it is essential to compute these losses
as they can demagnetize the PM and boost the temperature of
the rotor, if Nd-Fe-B magnets are heated to a high tempera-
ture, such as 120 ◦C.

A. EDDY-CURRENT LOSS PER UNIT OF THE MAGNET
VOLUME
The current density in a magnet is computed by the second
Maxwell’s equation [36]:∮

E .ds = −
d
dt

∫∫
B.dα (1)

The strength of electric field can be calculated as the
product of magnet resistivity and current density.

E = ρm.J . (2)

Hence, the current density can be calculated as

J (x) =
x
ρm

dB
dt
. (3)

The eddy current losses per unit magnet volume can be
calculated as

km =
1
bm

∫ bm/2
−bm/2

ρmJ2 (x)dx =
b2m

12ρm

(
dB
dt

)2

. (4)

Losses in the k-th magnet caused by the magnetic flux
density can be computed as

Bk = B (αk) = B̂ cos (p (αk − β)) . (5)

In (4), by replacing the flux density, the eddy current
loss per unit volume of the PM in the k-th magnet can be
determined as:

km,k =
b2m

12ρm

(
d
dt

{
B̂ cos

(
p
(
αk−β

))})2

(6)

The total magnet eddy current loss is equal to the sum of
the magnet losses in total number of magnets Nm:

Pm = lslmbm
Nm∑
k=1

b2m
12ρm

(
d
dt

{
B̂ cos (p (αk − β))

})
(7)

where:

lm : thickness of the magnet,
ls : motor axial length,
bm : width of the magnet,
αk : magnet k-th axis aligned with the rotor coordinates,
ρm : magnet resistivity,
β : function of time,
P : motor pole pairs,
B : magnet flux density.

The estimated eddy-current loss of the PM is calculated as
follows:

Pm ≈
Vmb2mB̂

2
mω

2

12ρm
(8)

where:

ω : frequency,
ρm : magnetic resistivity,
bm : width of the magnet,
Vm : volume of the magnet,
Bm: airgap flux density.

IV. ANALYSIS OF IRON LOSS
The iron loss includes the dynamic and hysteresis losses, i.e.,

PFe = Pd + Ph (9)

where Pd is the dynamic loss and Ph is the hysteresis loss.
The hysteresis loss is produced by the discontinuous mag-

netization process and measured by multiplying the area of
the B–H loop under a DC hysteresis test with the frequency,
where B indicates the magnetic flux density and H indicates
the magnetic field strength. The dynamic loss is the Joule loss
produced by the flow of eddy current.

The iron losses are calculated using the model presented by
[37]–[38], which depends on the flux density and frequency.

PFe = Kh (f ,Bm) fB2m + Ke(f ,Bm)f
2B2m (10)

Here:

Kh : hysteresis Loss coefficient,
f : frequency,
Bm : flux density,
Ke : eddy loss coefficient.

V. PERFORMANCE ANALYSIS OF THE PROPOSED
DESIGN BASED ON FINITE ELEMENT ANALYSIS (FEA)
To recognize the source of the spatial harmonics in the two-
pole/three-slot machine, an analysis of the airgap magnetic
field is required. The airgap flux density harmonics were
calculated using FEA. The performance analysis of the open-
circuit conditions included the investigation of the no-load
flux linkage, cogging torque, and coil test analyses. The short-
circuit conditions such as average eddy-current loss and rated
torque were also examined.

A. FLUX LINKAGE
The flux linkages of the coils in all the machines were
observed and the U-phase flux of each machine is illus-
trated in Fig. 3. In the proposed design, the flux linkage was
marginally less than that of the conventional models owing
to the incorporation of the sleeve in the proposed model. The
flux linkage of the proposed design was reduced by 20% from
that of the conventional designs.
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FIGURE 3. Comparison of flux linkage.

B. COGGING TORQUE
Cogging torque is the interconnection force between the slots
of the stator and the rotor PM, which can affect the operation
of electrical motors. It is calculated at no-load conditions.
For better operation of a motor, it is essential that the motor
should exhibit a low cogging torque. Fig. 4 shows the cogging
torque at various rotor positions, which clearly indicates that
in the proposed design the cogging torque is lesser than that
of the conventional machines by 69%; this demonstrates the
effectiveness of the proposed design.

FIGURE 4. Cogging torque comparison between the conventional and
proposed designs.

C. MAGNET EDDY LOSSES
It is worth mentioning that the sources of eddy current losses
are the spatial and time harmonics. The airgap flux density
analysis was performed to determine the spatial harmonics.
The harmonics in the proposed machine were significantly
less when compared to that of the conventional models. The
volume of the magnet was equal to that used in the conven-
tional models; in contrast, the shaft of the proposed model
was truncated by the PM, and a retaining sleeve was used

FIGURE 5. Comparison of magnet eddy-current loss.

over it to maintain the PM between the shafts. Fig. 5 shows
that the average eddy current loss of the magnet in the pro-
posed design is moderately less than that in the conventional
designs throughout the loaded conditions. The PM eddy cur-
rent loss in the conventional design without AS increased
with the increasing current amplitude, whereas the losses in
the conventional design with AS initially decreased with the
increasing current amplitude; however, the losses increased
after the rated condition. In the proposed model, the magnet
eddy current loss demonstrated the same behavior as that of
the conventional model with AS. However, the losses in the
proposed model were significantly less throughout different
working conditions; at the rated condition, i.e., 10 A of
current, the magnet eddy current loss was reduced by 82%
when compared to the conventional model with AS. Hence,
the proposedmodel is considerably effective for the reduction
of the magnet eddy current loss.

FIGURE 6. Two-dimensional distribution of eddy-current losses in the
magnet.

To justify the effectiveness of the proposed design, a 2D
FEAwas performed. Figs. 6 (a), (b), and (c) show the 2D FEA
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results of the magnet eddy current loss distribution in the PM
of the conventional designs (without AS and with AS) and
that of the proposed design, respectively. The figure clearly
illustrates that by using the titanium sleeve over the PM,
the eddy current loss of the magnet, in comparison with that
of conventional designs, is reduced considerably.

FIGURE 7. On-load rated toque comparison.

D. AVERAGE TORQUE
The rated torque profile of the machines at 10 A of current is
shown in Fig. 7. The figure illustrates that in the proposed
model, the rated torque marginally decreases, and demon-
strating low torque ripples. The rated torque was decreased
by 19.9% in the proposed model when compared to the
conventional design having AS. The reduction of average
torque primarily depends on the width of the sleeve; as the
sleeve width increases, the torque decreases. The effect of
sleeve width on average torque is discussed later in this paper.

E. IRON LOSSES
Iron losses have a major contribution in the overall losses
of the machine. The performance of the machine is signifi-
cantly affected by iron losses due to which the flux densities
in the cores of the stator and rotor vary. By implementing
the proposed model, the flux density variation was reduced
because of the consumption of the rotor core. Owing to the
high armature reaction, which was caused by the increasing
electrical loading, the iron losses were increased to a certain
level. Fig. 8 shows that the iron losses of the proposed design
is less than that of both the conventional models, i.e., without
AS and with AS, because the rotor of the conventional design
having AS was replaced by the new rotor design (solid PM
and a titanium sleeve).

To examine the spatial harmonics in detail, the airgap
flux density harmonics were simulated at different working
conditions. The second (2nd) spatial harmonic was considered
for analysis. Fig. 9 shows the 2nd harmonics of the airgap flux
density of the armature and PM fields of the conventional
and proposed designs. Using the frozen permeability method,

FIGURE 8. Iron losses vs. current density.

the harmonics of airgap flux density at various working con-
ditionswere analyzed. It can be noticed that the other harmon-
ics have a small influence on the losses. The phase difference
(PD) between the AF and the PM field was less than 180◦

in the conventional machines, which partially minimized the
asynchronous harmonics of the airgap flux density. Fig. 9 also
illustrates that the amplitude of the PM field is high in the
conventional models, which resulted in the high eddy current
loss of the magnet.

The amplitude of the 2nd harmonic in the proposed
machine was not zero, but it was lesser than that of the
conventional models; consequently, the eddy current loss of
the magnet significantly decreased. Here, only the 2nd har-
monic is analyzed; however, these principles can be applied
to other harmonics as well for analysis. The amplitude of the
harmonics caused by the AF increased with different input
currents; in contrast, the PD between the AF and the PM
field harmonics was approximately the same throughout the
different working conditions.

VI. EFFECT OF DIFFERENT WORKING CONDITIONS
The performance of the machine at rated working condition
was discussed in the previous section. However, the working
conditions can change; therefore, an analysis at different
working conditions is required. Figs. 10 (a), (b), (c) and
Figs. 11 (a), (b), (c) illustrate the eddy current losses of the
PM and the loaded torque in the conventional models (with-
out AS and with AS) and in the proposed model, respectively,
at various working conditions. It can be concluded that the
conventional designs have considerably higher eddy current
losses corresponding to the increase in the amplitude of the
current; moreover, the angle of current has a small influence
on the losses. Increasing the current amplitude demonstrated
a small effect on the eddy current loss of the PM in the
proposed model. Therefore, magnet eddy current losses in
the proposed model were significantly lesser than that of the
conventional designs without AS and with AS at different
working conditions. The eddy current loss of the magnet in
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FIGURE 9. 2nd harmonic of airgap flux density at different current values.

the proposed model was decreased by 77.6% when compared
with that of the conventional model with AS at a current
of 15 A and an angle equal to 90◦. However, the torque in
the proposed model was reduced when compared with the
conventional models.

The average rated torque in the proposed design was less
than that of the conventional designs; therefore, the optimiza-
tion of the proposed design was performed by a deterministic
algorithm, which is discussed later in this paper.

VII. OPTIMAL DESIGN OF THE PROPOSED MODEL
When compared to the conventional designs, the magnet
eddy current loss in the proposed machine was significantly
smaller; further, the rated torque of the proposed design was
also less than that of the conventional machines. To improve
the torque of the proposed model, a deterministic optimiza-
tion procedure was adopted.

Using the deterministic optimization, the yoke and stator
pole widths were optimized with the constraint that the yoke
and pole are not saturated. As the pole and yoke widths
reduced when optimized, the area of the stator slots also
increased. Increasing the area of the stator slots resulted in
variations in the electrical loading of the machine, which
further increased the number of turns. Equation 11 is used to
calculate the accurate number of turns for the armature coil.
The motor filling factor was considered as 0.5; the current
density has a fixed value, which was determined from the

conventional machines.

Na =
JaSaα
Ia

, (11)

where:

Na : number of turns,
Ja : current density,
Sa : Slot area,
α : filling factor,
Ia : input current.

A. OPTIMAL DESIGN OF YOKE
The influences of yoke size on the eddy current losses
and average torque are shown in Fig. 12. The relation
between the yoke size and both eddy current losses and
rated torque is inversely proportional, i.e., as the size of yoke
increases, the eddy current losses and rated torque decrease.
Fig. 12 indicates that the yoke size has a small effect on the
eddy current loss of the magnet, which increases from 0.3 W
to 0.42W corresponding to the decrease in the yoke size from
5.2 mm to 4 mm; in contrast, the effect on the sleeve eddy
current loss is marginally high; it increases from 1.85 W to
2.75 W. Conversely, the average rated torque decreases from
127.5 mN·m to 105.5 mN·m corresponding to the increase in
the width of the yoke in the proposed design.

B. OPTIMAL DESIGN OF POLE
The eddy current losses and rated torque decrease as thewidth
of the stator pole increases. Fig. 13 indicates that the width
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FIGURE 10. Magnet eddy current loss at different rated conditions.

of the pole has a considerable effect on the eddy current
loss of the magnet, which decreases from 0.55 W to 0.4 W.
Meanwhile, the eddy current loss of the sleeve diminishes
from 2.75 W to 2.33 W. The average rated torque of the
proposed machine does not decrease linearly with the pole
width; however, the effect of the pole width is moderately
high as it reduces the value of rated torque from 138 mN·m
to 118 mN·m.

The optimized design is shown in Fig. 14 and its dimen-
sions are listed in Table 2.

No-load and loaded analyses of the optimized design was
performed and the peak-to-peak values of the results are listed
in Table 3. The flux linkage of the optimized design increased

FIGURE 11. Average torque at different rated conditions.

TABLE 2. Design parameters.

by 15% and 30% when compared with the conventional
model with AS and the proposed design, respectively. The
cogging torque of the optimized design increased marginally
when compared with the initially proposed model; however,
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TABLE 3. Comparison of different parameters of all models.

FIGURE 12. Yoke size vs. eddy current losses and rated torque.

FIGURE 13. Pole width vs. eddy current losses and torque.

it was still lesser than that of the conventional designs.
At rated condition, i.e., when current was equal to 10 A,
the optimized design demonstrated amoderately high average
torque, i.e., it increased by 24.6% when compared with the
initial design. Conversely, the optimized design demonstrated
marginally higher iron losses than the initial design owing to

FIGURE 14. Optimized model.

the high electrical loading; however, it was still less than that
of the conventional designs.

VIII. COMPARISON OF FEA AND ANALYTICAL RESULTS
The effectiveness of the proposed method was validated by
comparing the FEA of the proposed machine with the ana-
lytically calculated values of the magnet eddy current and
iron losses, as listed in Table 4. The magnet eddy current
loss for the conventional designs with AS and without AS
as well as that for the proposed and optimized design were
calculated using (8), whereas the FEA values were deter-
mined by finite element simulation. The difference between
the FEA and analytical values were 36.3%, 22.2%, and 22.5%
for the conventional design with AS, proposed design, and
optimized design, respectively. Iron losses, which depend
on the frequency and magnetic flux density, were calculated
according to (10). The analytically computed values of the
iron losses for the conventional models with AS and proposed
model as well as that for the optimized model were less than
the simulated values by 30W, 1.7W, and 15.4W, respectively.
It can be determined from Table 4 that the FEA simulation
results closely agree with the analytically calculated values,
and the difference between the FEA results and analytically
calculated values is minimal. Further, good predictions of
magnet eddy current and iron losses are obtained through the
FEA simulation.
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TABLE 4. Comparison between finite element analysis and calculated values of the proposed analytical method.

IX. CONCLUSION
In HSPM machines, the airgap field harmonics induce sig-
nificant eddy current losses in the PM with the increase
in rotating speed, which can increase the temperature and
demagnetize the PM as well as affect the electromagnetic
performance. Hence, in this paper, a new design with a solid
PM rotor and titanium-based retaining sleeve was proposed to
reduce the magnet eddy current losses in the HSPMmachine.
The performance of a two-pole/three-slot machine with non-
overlapping winding was analyzed and the proposed model
was compared with the conventional models. The PM eddy
current loss was reduced by diminishing the undesirable
harmonics of the airgap flux density. When compared with
the conventional models, the airgap flux density harmonics
demonstrated a lower amplitude in the proposed machine.
The proposed model revealed not only reduced magnet eddy
current losses but also low cogging torque and iron losses at
different loaded conditions, while the rated torque was less
than that of the conventional models. Therefore, the proposed
model was optimized for increasing the rated torque. In the
optimized model, the rated torque was increased when com-
pared with that in the initially proposed and conventional
designs.
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