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Abstract: In this paper, the AC copper losses in classical random windings are investigated and
mitigated using several techniques across a range of permanent magnet synchronous motor designs.
At high operating frequencies, AC copper losses can represent a substantial share of the total loss in
electrical machines, thus, reducing the machine’s overall performance, and increasing the thermal
loading. Recently, different approaches for modelling AC copper losses have been proposed. This
paper utilises simulation software to quantify the expected AC losses in six different propulsion
motor designs. The motor designs are then modified to reduce the AC winding losses through
the implementation of five different methods. Using two-dimensional finite element analysis, the
magnetisation direction, magnet to airgap ratio, copper stranding, magnetic wedges and the mo-
tor slot openings are modified to reduce AC losses. The paper considers distributed, fractional,
slot and concentrated windings, and the results show promising reductions across these different
winding configurations.

Keywords: AC losses; finite element analysis; motor design; PMSM; propulsion motor; winding
configuration

1. Introduction

The growing demand for aircraft electrification emphasizes the need for more efficient,
reliable, and higher torque density motors. In turn, this has helped to drive the development
of high-performance permanent magnet synchronous motors (PMSM) [1–4]. In order to
achieve these challenging requirements, the motor losses need to be minimised. The
winding losses usually account for the highest proportion of the losses, especially in the
low-to-medium operating frequency range.

At high operating and switching frequencies, the winding AC losses become more
prevalent in electrical motors [5–7]. This is especially true in hairpin winding machines [8,9].
However, the focus of this paper contribution is on classical random windings with round
wires. Although hairpin winding achieves a higher fill factor than conventional random
windings with round wires, the number of possible layout configuration is limited. In [10],
the AC losses were investigated for six outer rotor motors, employing concentrated wind-
ings by machining a block of copper to fill the maximum slot area.

The estimation of the AC winding losses can be a very challenging task, so different
approaches have been proposed and investigated to improve accuracy and reduce the
computation times [6,11–21]. However, the advantages of reducing these losses at earlier
stages of the electrical machine design are of critical importance for a comprehensive
machine design practice [22–25].
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The AC losses are caused by the time-varying magnetic fields experienced by electrical
machine windings. They are usually overlooked in the fundamental Ohmic loss model,
which assumes that current is spread uniformly in the conductor. The magnetic fields
generate a non-uniform current distribution, and the non-linear variation in Ohmic loss
with current density results in a net increase in total loss.

The time-varying magnetic fields that influence the current distribution are caused
by the following three sources: alternating current in the conductor, alternating current in
neighbouring conductors, and rotating permanent magnets [15]. The ‘skin effect’ is caused
by the conductor’s own, self-induced field, which causes greater current to flow at the
outside edges of the conductor cross-section than at the centre. The ‘proximity effect’ refers
to the effect of external fields (from nearby conductors or magnets) [26]. Flux leakage into
the slot also contributes to the total AC losses. In some cases, the losses generated from
flux leakage can reach up to 21% of the total AC losses [10].

These effects are minimal at lower frequencies, but when the frequency rises into the
hundreds of Hertz range, depending on the tooth and slot geometry, airgap thickness,
magnet arrangement, wire size and shape, and coil positioning, the AC loss may become
substantial [15,16]. Indeed, AC losses in aluminium and copper hairpin windings have
been compared in [27], where it was recommended that, for fundamental frequencies
higher than 1 kHz, aluminium windings are recommended.

A popular AC loss mitigation strategy, especially for random windings, is to lower
the height of the winding in the slot to lessen the field impinging on the conductors,
which improves high-frequency AC performance but compromises low-frequency DC
performance, due to poor slot area utilisation [16,28,29]. A second strategy is to set the
profile/arrangement of the conductors in the slot to minimise interaction with the armature
reaction field while maximising the slot area usage [16,28–30]. This can be achieved by
winding the turns onto forming bobbins, thus, conforming into a specific shape that
minimises the AC losses, also known as the bundle effect. Recently, the application of
additive manufacturing technologies has been demonstrated, which provide exceptional
geometric freedom in conductor shape and layout [23,31].

This paper is dedicated to reducing the AC winding losses of six of the proposed
aircraft propulsion motor designs, by implementing five approaches. As reported in [32],
investigations of different slot/pole combinations for propulsion motors are proposed. The
motors under consideration are categorised into three winding configurations, as follows:
the distributed windings are represented by the S48-P16 and S60-P20, the fractional slot
windings by S60-P16 and S72-P22, and, finally, concentrated windings are the S24-P20 and
S36-P30, where ‘S’ refers to the number of slots, and ‘P’ refers to the number of poles. A
diagram showing a quarter of each motor is shown in Figure 1. Five different methods are
proposed to mitigate the AC losses, as follows:

(1) By adjusting the airgap flux density through the permanent magnet (PM)
magnetisation direction;

(2) Adjusting the PM-to-airgap ratio;
(3) By pushing the winding away from the slot opening;
(4) The use of multi-strands;
(5) By modifying the slope opening shape and the addition of a magnetic slot wedge.

The combination of several motor designs and winding combinations for loss reduc-
tion in this paper provides extensive guidelines for AC loss reduction in random
wound windings.

The paper is organised as follows: Section 2 is a preliminary calculation of the AC
losses of the six motors, before implementing the proposed AC loss reduction method. In
Section 3, the proposed methods, the framework of the proposed techniques, and the results
of these analyses are presented. In Section 4, a quantitative and qualitative discussion of
the results is given. Finally, conclusions and final remarks are added in Section 5.
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Figure 1. Schematic showing a radial sectioned view through a quadrant of the proposed motors,
(a) S24-P20, (b) S36-P30, (c) S48-P16, (d) S60-P16, (e) S60-P20, and (f) S72-P22.

2. Analysis Framework and Proposed AC Loss Reduction Techniques

This paper compares the performance and behaviour of six motor designs. An initial
analysis of the AC winding losses and an outline of the selected motors’ main performance
indicators are listed in Table 1. The Motor-CAD V13.0 electromagnetic solver is used to
model these motors for this whole study. It should be noted that the Motor-CAD solver
considers only the proximity and skin effects. In an ideal system, the AC effects would
be zero. For example, if Litz wires are used, it is acceptable to reach 10–20% of the DC
losses [12,33–38].

All the motors investigated have an outer diameter of 463 mm and a stack length
of 151 mm. More detailed design parameters can be found in [32,39]. A motor with an
output power in the range of 500 kW, operating at frequencies up to 500 Hz and a required
efficiency of 98% would result in total losses of 10 kW, the majority of which are expected
from the windings and PMs. The losses also drive the cooling requirements, so by targeting
a reduction in AC loss, cooling systems can be reduced in size, mass, and cost.

Considering the results calculated in Table 1, the lowest ratio of AC to DC loss is
1.5 and 1.6 for the S60-P20 and S6-P16 motors, respectively, hence, it is 7 times higher
than using Litz wires. Concentrated windings have very high AC losses, due to the high
harmonic content at the airgap.

A fixed value for the phase current is set at 200 amps, while the fill factor for these
random wound wires is maximised and has a range between 0.48 and 0.62. The output
power has a maximum of 543 kW for the S60-P20 motor, and the average is 520 kW. The
wire diameter in Table 1 is considered for a single strand per turn, which will be addressed
later in the paper.
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Table 1. Motors were considered for the AC winding losses study.

S60-P20 S48-P16 S24-P20 S36-P30 S60-P16 S72-P22

Q
(slots-per-pole-per-phase) 1.00 1.00 0.40 0.40 1.25 1.09

Coil span (slots) 3 3 1 1 3 3
Winding factor 1.000 1.000 0.966 0.966 0.951 0.945

THD (%) 2.9 16.4 11.5 3.2 4.2 20.0
Torque (kN/m) 2.6 2.5 2.3 2.4 2.5 2.6

Torque Ripple (%) 3.1 21.8 2.1 1.4 1.7 1.4
Pout (kW) 543.0 524.7 474.5 510.1 529.0 539.7

Base speed (rpms) 2000 2000 2000 2000 2000 2000
Base frequency (Hz) 333.3 266.7 333.3 500 266.7 366.7

Efficiency (%) 97.2 95.6 86.0 90.8 96.9 95.1
Power Factor 0.970 0.966 0.970 0.933 0.949 0.946

Current density
(Arms/mm2) 10.6 6.7 5.3 8.4 9.5 8.4

#Turns per coil 2 3 6 7 5 4
Fill Factor—FF 0.50 0.62 0.51 0.42 0.55 0.48

Wire diameter (mm) 4.9 6.2 6.9 5.5 5.2 5.5
DC Loss (kW) 4.9 4.1 2.8 3.2 5.5 4.4
AC Loss (kW) 7.4 17.3 68.0 38.8 8.9 20.9

AC/DC loss ratio 1.5 4.3 24.7 12.3 1.6 4.8
PM/Airgap thickness (mm) 20/2 20/2 20/2 20/2 20/2 20/2
Stack length/Stator outer

diameter (mm) 151/463 151/463 151/463 151/463 151/463 151/463

Different approaches [22–24] can be implemented to reduce these losses, including
stranding and moving windings away from the slot opening. Additionally, the airgap
flux density can be adjusted to reduce high-frequency harmonics. This can be achieved by
varying the PM-to-airgap thickness ratio, changing the slot opening geometry, or using a
magnetic slot wedge, amongst other methods [40].

Three winding configurations are considered, as they represent the possible scenarios
when designing a PMSM. Hence, for each of these winding configurations two motors
are included in the analysis. In this paper, the distributed winding motors are S60-P20
and S48-P16, the fractional slot windings are S60-P16 and S72-P22, and, finally, the con-
centrated winding designs are the S24-P20 and S36-P30. These motors were designed
and optimised for the purpose of propulsion of small regional aircraft. Therefore, the
operation and comparison are based on this application at a fixed base speed rather than at
a fixed frequency.

The first and second methods proposed to reduce the AC losses focus on the PM and
airgap flux density. This is carried out by studying the impact of the different magnetisa-
tion orientations of the PM and comparing the performance of the Halbach array, radial
magnetisation, and parallel magnetisation. Then, the analysis is carried out by considering
a wide range of PM-to-airgap thickness ratios to optimise the airgap flux density.

The third method deals directly with the winding by applying the concepts of strand-
ing the winding turns and pushing the windings away from the slot opening to minimise
the proximity and skin effects.

The fourth and fifth methods shift the focus to the slot design, by reshaping the teeth
to change the slot from an open to closed design through varying degrees of freedom. Then,
a magnetic slot wedge is added as an additional measure to reduce the AC losses.

Therefore, the proposed framework of motor designs and methods are inclusive of a
wide range of designs, winding configurations, and design considerations. Hence, it should
provide a design guideline for future motor design when winding AC losses are considered.



Machines 2022, 10, 780 5 of 23

3. Results

The methodology, results and preliminary conclusions for each of the proposed loss
reduction methods are discussed in this section.

3.1. Approach A: PM Magnetisation

Here, PMs arranged in a Halbach array (HBA) are adopted for these motors [39]. In
this study, HBAs are used since they provide stronger and more sinusoidal flux. However,
as they produce a stronger magnetic field in the airgap and the slot opening, higher AC
losses are generated. The AC losses are also highly influenced by the frequency and,
therefore, maintaining a lower harmonic content can ensure that losses are kept to a
minimum. Sinusoidal magnetic fields have a lower harmonic content, but higher magnetic
field densities impose more saturation in the tooth tips.

Thus, a trade-off between more sinusoidal flux and the strength of the field needs to
be studied. Compared to radial or parallel magnetisation, the HBA requires a reduced
back-iron area, which is advantageous in terms of the overall power density of the motor.
If the same area was used for parallel or radial magnetisation, the output power would be
significantly reduced. Therefore, for a fairer comparison, the back-iron of the rotor has been
modified—specifically, increased—when simulating the parallel and radial magnetisation,
as illustrated in Figure 2. If the same narrow rotor back-iron is used in the parallel or radial
magnetisation, then it would have restricted the motor performance. Thus, the back-iron
was increased to accommodate this change. However, by doing so, the airgap flux density
is increased and, thus, the flux density in the slot opening is also higher.

A summary of the results is identified in Table 2 and Figure 3. The HBA is superior in
terms of overall performance for all the motors, specifically in terms of output power and
efficiency, as well as torque ripple. Additionally, the phase voltage THD is lower in HBA
designs, as justified earlier, due to the increased sinusoidal magnetic flux. Due to lower
values of flux density for the radial and the parallel PM magnetisation, the AC losses are
lower in most cases. In general, the reduction in the AC losses is achieved for the S72-P22,
S24-P20, and S36-P30 motors. The maximum reduction is 24%, though it comes at the cost
of a reduction in output power of 5% to 20%. Despite the possible reduction in AC losses by
changing from HBA to radial or parallel magnetisation, the performance of the motors with
the HBA is generally better. However, between the radial and the parallel magnetisation,
the radial magnetisation has a slightly lower AC loss. However, the overall performance,
such as in terms of output power, torque ripple, and phase voltage THD, is better in parallel
than radial magnetisation. Finally, the HBA are still generally recommended due to the
higher output power, lower torque ripple, and THD. Hence, the general recommendation
is to keep the HBA for these motor configurations.
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Table 2. PM magnetisation analysis results for AC losses reduction.

Combination S60-P20 S48-P16 S60-P16 S72-P22 S24-P20 S36-P30

Torque
(kN/m)

Halbach 2.60 2.50 2.53 2.58 2.26 2.42
Radial 2.21 2.33 2.32 2.32 2.01 1.90
Parallel 2.31 2.40 2.40 2.39 2.08 1.98

Torque
Ripple (%)

Halbach 3.1 21.8 1.7 1.4 2.1 1.4
Radial 19.2 31.8 2.1 1.4 5.4 2.7
Parallel 19.5 31.2 1.7 1.6 5.9 2.7

Pout (kW)
Halbach 545 525 529 540 475 510
Radial 463 488 487 486 422 399
Parallel 485 503 503 502 438 416

DC Loss (kW)
Halbach 4.9 4.1 5.5 4.4 2.8 3.2
Radial 4.9 4.1 5.5 4.4 2.8 3.2
Parallel 4.9 4.1 5.5 4.4 2.8 3.2

AC losses
(kW)

Halbach 7.7 17.3 8.9 20.9 68.0 38.8
Radial 7.8 19.0 9.3 15.6 59.2 30.3
Parallel 7.8 20.6 10.2 16.4 63.5 31.7

Efficiency (%)
Halbach 97.2 95.6 96.9 95.1 86.0 90.8
Radial 96.8 95.0 96.6 95.6 86.2 90.7
Parallel 96.8 94.8 96.5 95.6 85.8 90.7

Phase
Voltage THD

(%)

Halbach 2.9 16.4 4.2 20.0 11.5 3.2
Radial 24.8 21.8 7.8 20.5 5.8 2.2
Parallel 23.7 22.0 7.3 21.4 8.2 2.2

3.2. Approach B: PM/Airgap Ratio

The ratio between the PM thickness and the airgap thickness is a critical factor in the
motor’s performance [41]. The 20 mm thickness provides a strong magnetic field, whereas
the 2 mm airgap thickness is wide enough for ease of manufacturing and tolerances. Hence,
reducing the PM thickness would indeed lower the magnetic field density in the slot
opening and the AC losses in return. However, it would also reduce the output power;
therefore, reducing the airgap thickness can be used to balance that out. Three different PM
thicknesses are considered, i.e., 10, 15, and 20 mm, whereas the airgap thicknesses are 1,
1.5, and 2 mm. Thus, in total, for each motor, nine different possibilities are considered.

The AC to DC loss ratio is plotted in Figure 3, and the values of the AC losses are
shown in Figure 4. The range of change for S60-P20 and S60-P16 is the smallest, whereas the
concentrated winding motors experience the highest ranges of change in AC losses. The AC
losses are indeed reduced with small magnets, but this results in a significant deterioration
in the output power. On average the loss in output power is about 6%, whereas the average
reduction in AC loss is 13%.

Using MATLAB statistical analysis features, a statistical analysis is added in Table 3,
where the correlation between the airgap thickness and the PM thickness is analysed in
comparison to the AC losses. The airgap thickness has a strong negative correlation to
the AC losses, which means that bigger airgaps lead to lower losses. The PM thickness,
on the other hand, has a very strong positive correlation to the AC losses. Hence, bigger
magnets would lead to a stronger airgap field and, hence, higher flux density in the slot
and an elevated AC loss. The main advantage of this analysis is that it represents a generic
relation between the AC losses and the airgap and PM thickness that can be extended to
other motors.
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Figure 4. AC losses (kW) for the PM-to-airgap ratio study.

A similar trend across all the motors is shown in Figure 4. The overall trend shows
that the AC losses are minimised at thinner PM and thicker (wider) airgaps. This reflects
the reduced airgap flux density and less flux leakage into the slot opening. Conversely,
at 20 mm of PM thickness and the narrowest airgap of 1 mm, the motors experience the
highest AC losses. The output power variation for each design is shown in Figure 5.

Table 3. Correlation analysis of airgap thickness and PM thickness with the AC losses.

Airgap Thickness PM Thickness

S60-P20 −0.527 0.844
S60-P16 −0.500 0.855
S48-P16 −0.427 0.898
S72-P22 −0.426 0.896
S24-P20 −0.301 0.950
S36-P30 −0.456 0.883
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3.3. Approach C: Stranding and Depth

A common practice to minimise the AC losses is to use multi-strands, as well as to
push the winding away from the slot opening [17]. Therefore, the study is established such
that the number of strands is varied, with 1, 10, 25, 50, and 100 strands, and the depth ratio
of the winding is 100%, 90%, 80%, 70%, and 60%. Here, 100% refers to the windings filling
the whole slot, and 60% indicates that 40% of the winding depth starting from the slot
opening is empty. Figure 6 can be referred to for a visual representation of these variations.
It may be noted that the turn diameter needs to be adjusted to accommodate the winding
effectively. The results of this will be further discussed later in this subsection.
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For this analysis, and using the Motor-CAD interface, the arrangement of the winding
strands is set to a bundle ratio of 0.5, which means that, for each turn, the strands are
arranged such that the bundle of strands has a rectangle-like packing arrangement and,
thus, the bundle factor is 0.5. The bundle factor can be defined as the ratio between the
width and height of a bundle of strands that represent one turn. In fact, this is a very critical
factor, as the exact positioning of the strands can significantly change the losses. For a fair
comparison, this bundle factor is fixed at 0.5 for all the designs. Indeed, for each motor for
this stranding analysis, 25 different simulations and designs were considered. The result of
this study is summarised in Table 4, while a plot of the AC to DC loss ratio is depicted in
Figures 7 and 8.
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Figure 8. Stranding effect on AC loss map.

As these motors have a common design characteristic of open slots, the losses at 100%
depth are very high; this is specifically very dominant in the case of multi-strands. This
can be visually understood by examining Figure 9, where more strands are subjected to
more flux lines and higher flux densities near the slot opening compared to having one
strand. Nevertheless, pushing these multi-strands back in the slot can reduce the AC losses
14-fold, as in the case of the S48-P16 motor. It should be noted that the operating frequency
of these motors is in the range of 200 Hz to 500 Hz and, thus, it is not very high compared
to some other high-speed motors, where frequencies can reach up to 2000 Hz. Thus, for the
machines studied, the dominant effects are the proximity losses and flux leakage, rather
than the skin effect.
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Table 4. AC losses (kW) for the stranding losses.

Depth (%) Strands S60-P20 S48-P16 S60-P16 S72-P22 S24-P20 S36-P30

100 1 7.4 17.3 8.9 20.9 49.5 38.8
90 1 5.9 11.6 8.4 12.4 26.3 35.3
80 1 5.3 6.1 8.5 9.7 13.9 11.6
70 1 4.8 5.7 6.9 10.4 9.5 9.2
60 1 3.7 4.3 5.5 7.8 4.6 7.8

100 10 14.1 38.5 22.2 60.0 186.2 95.7
90 10 9.9 11.8 9.4 19.9 69.6 35.3
80 10 7.0 5.7 5.8 12.0 37.6 18.1
70 10 4.9 3.8 4.2 13.7 19.7 11.7
60 10 2.8 3.4 2.9 5.3 9.7 7.3

100 25 19.5 44.7 17.9 64.9 177.6 120.7
90 25 10.2 11.3 8.3 21.8 101.0 34.1
80 25 6.5 5.6 5.5 11.3 41.1 20.7
70 25 4.3 3.4 5.7 8.8 21.1 10.8
60 25 2.5 2.3 2.6 3.0 10.4 6.7

100 50 20.2 41.1 22.6 64.9 178.9 117.3
90 50 9.2 11.9 8.9 19.0 108.2 41.8
80 50 5.9 3.7 5.4 11.6 45.7 19.5
70 50 3.6 2.5 3.6 5.3 26.2 11.2
60 50 2.2 1.3 2.2 3.2 11.9 7.0

100 100 15.9 39.5 18.9 52.4 139.2 82.2
90 100 7.3 9.9 7.8 29.8 87.8 41.1
80 100 3.9 3.3 4.2 13.5 48.5 14.1
70 100 2.8 1.8 2.4 8.7 17.8 8.5
60 100 1.6 1.2 1.7 7.5 9.3 5.4
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Even with one strand, the AC losses can be reduced from 40% to 90%, when pushing
the winding depth to 60%. However, this usually comes at the cost of higher DC losses,
since less area is available for the winding, as thinner cross-section areas are used. However,
the results for the one strand with the range of 80% to 60% depth seem very promising.
Referring to the wire diameters from Table 1, it might be a manufacturing necessity to
use multi-strands. Therefore, for this open slot, high airgap flux density design, a careful
placement of the windings should be considered [28]. An additional advantage that comes
from pushing the winding back is the possibility to use the created space for slot cooling
channels in that area [42].

In Table 5, a correlation analysis is implemented to study the relationship between the
AC losses, winding stranding, and coil depth. Reconfirming the previous conclusions, the
depth of the winding is critical in reducing the AC losses. A very high positive correlation
exists between the AC winding and how far the windings are pushed away from the
slot opening. Therefore, the higher the value of depth, the more the AC losses are set to
increase, and vice versa. However, the impact of the stranding of the winding turns has a
weak correlation.

Table 5. Correlation analysis of the slot opening parameter and AC losses.

Depth (%) Strands

S60-P20 0.840 −0.012
S48-P16 0.794 0.009
S60-P16 0.819 −0.064
S72-P22 0.793 0.107
S24-P20 0.829 0.137
S36-P30 0.816 0.046

3.4. Approach D: Slot Opening

This proposed method changes the slot opening from open to closed. Changing the
design of the motors to be a closed slot design has the benefit of pushing the winding
away from the slot opening, as well as potential improvements on the torque ripple and
PM losses.

Three design parameters are taken into consideration. The first aspect is the slot
opening width, the second is the slot opening tip depth, and finally the angle of the slot
opening sides is considered, as depicted in Figure 10.
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For each of the factors, three operating points are tested. Therefore, for each motor,
a total of 27 design variations are generated. The range and the nominal values for each
are listed in Table 6. The slot openings are simulated at 0.5, 0.7, and 0.9 of the nominal
fully open design. The slot tip depth is 0.04, 0.08, or 0.12 of the nominal overall slot depth.
Finally, the angles of the slot inclination are set to 0.0◦, 22.5◦, and 45.0◦.

Table 6. Design aspects and performance indicators.

Slot Opening
Min-Step-Max (mm)

0.5-0.2-0.9 (p.u.)

Slot Opening Depth
Min-Step-Max (mm)
0.04-0.04-0.12 (p.u.)

Slot Angle
Min-Step-Max (◦)

S24-P20 15.5-6.2-27.9 1.6-1.6-4.8 0.0-22.5-45.0
S36-P30 8.2-3.3-14.8 1.7-1.7-5.0 0.0-22.5-45.0
S48-P16 6.3-2.5-11.3 1.6-1.6-4.9 0.0-22.5-45.0
S60-P16 4.2-1.7-7.5 1.6-1.6-4.8 0.0-22.5-45.0
S60-P20 3.4-1.4-6.2 1.5-1.5-4.6 0.0-22.5-45.0
S72-P22 4.5-1.8-8.0 1.6-1.6-4.8 0.0-22.5-45.0

The AC losses in kW are listed in Table 7. Each design variation has an ID, and the
open slot design has an ID of ‘0’. The AC losses show a remarkable reduction due to the
change of slot opening. Indeed, the losses are halved for four motors, namely S48-P16,
S72-P22, S36-P30, and S24-P20.

Table 7. AC losses (kW) for the slot opening analysis.

Case #
ID

Tooth Tip
Angle (◦)

Slot Opening
(p.u.)

Tooth Tip
Depth (p.u.) S60-P20 S48-P16 S60-P16 S72-P22 S24-P20 S36-P30

0 0.0 1.0 0.00 7.4 17.3 8.9 20.9 68.0 38.8
1 0.0 0.5 0.04 5.9 8.5 9.2 6.4 20.2 16.4
2 0.0 0.5 0.08 6.1 8.6 8.6 6.3 13.6 13.8
3 0.0 0.5 0.12 5.3 8.6 8.5 6.4 12.2 9.9
4 0.0 0.7 0.04 5.9 8.5 9.1 6.6 22.3 17.4
5 0.0 0.7 0.08 6.1 8.5 8.6 6.6 19.5 14.8
6 0.0 0.7 0.12 5.3 8.5 8.6 6.7 12.3 10.1
7 0.0 0.9 0.04 5.9 8.4 8.9 6.7 24.8 19.3
8 0.0 0.9 0.08 6.0 8.5 8.5 6.8 23.5 17.9
9 0.0 0.9 0.12 5.3 8.4 8.5 7.0 15.3 10.7
10 22.5 0.5 0.04 6.0 8.5 9.4 6.4 12.5 14.4
11 22.5 0.5 0.08 6.3 8.4 8.6 6.4 8.9 10.1
12 22.5 0.5 0.12 5.2 7.0 8.4 6.6 8.5 9.6
13 22.5 0.7 0.04 6.0 8.4 9.2 6.6 14.6 16.2
14 22.5 0.7 0.08 6.1 8.4 8.6 6.6 12.7 10.3
15 22.5 0.7 0.12 5.3 8.5 8.6 6.8 9.4 9.9
16 22.5 0.9 0.04 5.9 8.4 9.0 6.7 24.5 19.0
17 22.5 0.9 0.08 6.0 8.5 8.4 6.8 16.2 17.7
18 22.5 0.9 0.12 5.3 8.5 8.6 7.0 11.2 10.6
19 45.0 0.5 0.04 6.1 8.4 8.7 6.5 7.6 10.1
20 45.0 0.5 0.08 5.3 8.3 8.5 6.6 7.0 9.6
21 45.0 0.5 0.12 5.2 6.9 8.4 6.7 6.8 8.5
22 45.0 0.7 0.04 6.0 8.5 8.6 6.6 10.1 10.4
23 45.0 0.7 0.08 5.3 8.5 8.6 6.7 8.1 10.1
24 45.0 0.7 0.12 5.4 7.0 8.6 6.9 7.6 9.7
25 45.0 0.9 0.04 5.9 8.5 9.0 6.7 16.9 18.7
26 45.0 0.9 0.08 6.0 8.6 8.5 6.9 15.7 10.8
27 45.0 0.9 0.12 5.3 8.6 8.6 7.1 11.0 10.6

The ratio of AC to DC losses is mapped as an interval plot in Figure 11a, and the AC
losses in kW interval plots are shown in Figure 11b. It is clear that for S24-P20 and S36-P30
there is the most variation in change in the AC losses. This reflects the fact that, in these
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concentrated winding motors, the change of slot opening parameters have a major effect
on the slot harmonics and flux leakage.
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Figure 11. Interval plot of opening study: (a) AC to DC loss ratio, (b) AC losses in (kW), (c) Efficiency
(%), and (d) THD (5).

The interval plot for the efficiency is shown in Figure 11c, and the total harmonic
distortion is shown in Figure 11d. The AC losses have a large variation for S24-P20 and
S36-P30, hence, there is a similar trend in the efficiency interval plot. More insights can be
deduced from the current density plots in Figure 12.
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Figure 12. Slot open current density map results for solution ID 27: (a) S60−P20, PAC 5.3 kW,
27% reduction, (b) S48−P16, PAC 8.6 kW, 50% reduction, (c) S60−P16, PAC 8.6 kW, 3% reduction,
(d) S72−P22, PAC 7.1 kW, 66% reduction, (e) S36−P30, PAC 11.0 kW, 78% reduction, and (f) S24−P20,
PAC 10.6 kW, 72.6% reduction.

Additionally, a statistical correlation analysis is carried out as shown in Table 8. The
correlation between the three varied parameters and the AC losses is analysed. The negative
correlation between the teeth tips angle indicates that higher values of the teeth tips’ angle
led to lower AC losses. A similar negative correlation also exists with the tooth tip depth.
Thus, the thicker the tooth tips and, as a result, the farther away the coils are pushed
away from the slot opening, the lower the AC losses. Conversely, the slot opening has
a positive correlation with the AC losses. The wider the slot opening, the higher the AC
losses. Consequently, the overall recommendation to have lower levels of AC losses is to
decrease the slot opening and increase the teeth tips’ depth and angle.



Machines 2022, 10, 780 17 of 23

Table 8. Correlation analysis of the slot opening parameter and AC losses.

Tooth Tip Angle (◦) Slot Opening (p.u.) Tooth Tip Depth (p.u.)

S60-P20 −0.267 0.233 −0.786
S48-P16 −0.297 0.393 −0.500
S60-P16 −0.195 −0.001 −0.712
S72-P22 −0.205 0.381 −0.388
S24-P20 −0.476 0.517 −0.580
S36-P30 −0.414 0.498 −0.695

In general, the proposed method of optimising the slot opening managed to reduce
the AC losses by different magnitudes for different motor designs. Despite the benefits
and reduction in AC losses, the proposed technique might also have some negative conse-
quences, such as increased torque ripple and introducing additional saturation in the tooth
tips. Therefore, it is highly recommended to thoroughly explore the slot opening design
as a means of effectively reducing the AC winding losses, unless the open slot design is a
requirement for ease of manufacturing, winding, and assembly.

3.5. Approach E: Semi-Magnetic Wedges

The magnetic or semi-magnetic wedges (SM-W) have relative permeabilities that can
range from 2 to 20 [43]. Indeed, SM-W have been widely implemented as a method of
reducing the PM losses [39], but also in machine windings [43]. The SM-Ws are considered
for AC winding loss reduction. A relative permeability of 8 is assumed, although the losses
associated with the wedges are not quantified. The motors simulated for this analysis are
all at 90% depth ratio, where the slot wedge occupies the remaining 10% depth of each
slot. Therefore, the absolute thickness of each motor’s wedge is different, and the number
of strands included in this study is 1, 10, 25, 50, and 100. The AC losses, output power,
efficiency, and torque ripples are summarised in Table 9, whereas the eddy current map at
the same time instant and for the 25-strand designs are shown in Figure 13.
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Table 9. Semi-magnetic slot wedge results.

Strands
AC Losses

(kW)
Output Power

(kW)
Efficiency

(%)
Torque Ripple

(%)

SM-1 * SM-8 SM-1 SM-8 SM-1 SM-8 SM-1 SM-8

S60-P20
1 7.4 5.5 540.9 534.5 97.3 97.3 5.1 1.7

10 9.9 9.7 535.4 520.0 96.8 96.6 7.7 1.8
25 10.2 10.3 535.5 520.7 96.8 96.6 7.6 1.6
50 9.2 6.3 535.4 519.3 96.8 97.2 7.8 1.5

100 7.3 5.7 534.0 519.3 97.0 97.3 7.4 1.5
S48-P16

1 17.3 10.2 514.4 485.9 96.4 96.6 22.9 22.0
10 11.8 10.1 514.1 483.9 96.4 96.6 25.8 21.4
25 11.3 8.2 515.4 485.2 96.5 97.0 23.6 20.7
50 11.9 8.8 515.4 484.1 96.4 96.9 23.6 21.7

100 9.9 3.9 514.1 485.9 96.6 97.7 25.2 18.1
S60-P16

1 8.9 8.3 521.2 488.5 96.9 96.8 1.7 2.6
10 9.4 10.1 515.2 486.1 96.8 96.4 1.9 2.9
25 8.3 9.1 515.2 482.8 96.9 96.6 1.9 2.9
50 8.9 5.8 515.2 481.1 96.8 97.2 1.8 1.3

100 7.8 5.0 514.7 481.1 96.9 97.2 2.1 1.3
S72-P22

1 20.9 8.5 530.4 494.7 96.5 97.0 1.6 2.0
10 19.9 13.7 527.8 494.9 95.2 96.1 2.9 2.5
25 21.8 14.5 527.5 494.5 94.8 95.9 3.1 2.6
50 19.0 12.2 528.3 495.2 95.3 96.3 3.3 2.9

100 29.8 14.8 527.6 493.2 93.4 95.7 2.6 2.0
S24-P20

1 49.5 17.5 474.0 455.2 92.9 94.9 0.7 2.6
10 69.6 35.7 467.7 450.2 85.5 91.4 2.6 3.3
25 101 44 464.9 449.8 80.7 89.8 3.8 3.4
50 108.2 47.8 474.8 453.7 80.1 89.3 4.5 2.2

100 87.8 38.6 474.8 453.7 82.9 90.8 4.7 2.2
S36-P30

1 38.8 13.7 494.1 474.1 91.5 95.3 5.2 3.1
10 35.3 25.7 494.1 461.9 91.5 93.1 5.2 6.9
25 34.1 25.5 493.8 461.4 91.6 93.1 5.0 7.2
50 41.8 29.3 508.2 477.5 90.4 92.5 1.5 2.2

100 41.1 18.4 480.2 449.9 90.2 94.3 4.3 4.4

* Here, SM-1 is a non-magnetic wedge; SM-8 is a magnetic wedge with a relative permeability of 8.
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The semi-magnetic wedges are most effective for the concentrated winding type, as
these windings tend to have more harmonics near the edge, which are redirected away
by the wedges. In Table 8, the SM-1 refers to the wedge with a relative permeability of 1,
i.e., the normal operation, whereas the SM-8 is for the semi-magnetic wedges as prescribed.
Magnetic wedges are indeed more effective than non-magnetic ones. Yet, contrary to non-
magnetic wedges, they tend to increase the tooth tips’ flux leakage, thus, decreasing the
output power in the process. The efficiency is increased with the use of magnetic wedges
due to the reduced AC losses. As mentioned earlier in the introduction of this section,
magnetic wedges also have a positive effect on reducing the PM losses, which further
improves the motor’s overall performance and thermal performance.

4. Discussion

A quantitative comparison for the percentage change in the AC winding losses is
compiled in Table 10, and a similar comparison for the change in output power caused by
each AC loss reduction technique is listed in Table 11.

All of the proposed methods managed to reduce the AC losses. The PM magnetisation
method is one of the least effective techniques that managed to reduce the AC losses, with a
maximum reduction of 25.4% and an average of 4.7%. On the other hand, for the distributed
winding motors S60-P20 and S48-P16 and the fractional slot motor S60-P16, the effect is
reversed, and the losses increase by between 1.3% and 14.6%.

By modifying the PM-to-airgap thickness ratio, the AC losses can be significantly
reduced when smaller magnets and bigger airgaps are introduced. Indeed, the AC losses
can be minimised by a factor of between 17.8% and 58.3% with a smaller magnet volume.
Using stronger magnets would increase the AC losses, despite the possible benefits of
higher airgap flux density.

Winding depth and stranding can be one of the most effective methods of reducing
AC losses by up to 93.2%. Nonetheless, very careful analysis at different copper depth
levels and the number of strands should be considered, otherwise it may increase the AC
losses. Increasing the number of strands alone without pushing the winding away from
the slot opening could lead to higher AC losses. However, stranding can be a necessity
for this motor design, since it has a large turn diameter. Among all the design variations,
the average reduction in AC losses by stranding and depth is not very high. However, the
maximum achievable reduction through this method is very promising for all the motors.
The maximum reduction in the AC losses is at least 79.2%, and can go up to 93.2%.

Slot opening and the SM-W also look very promising in mitigating these AC losses.
The manipulation of the slot opening can enhance the overall motor performance and
reduces the AC losses significantly. Although the effect is varied, depending on the
different slot/pole combinations, on average the reduction is 49.1% and 26.5% for the
slot opening and magnetic wedge, respectively. The fractional slot motor S60-P16 shows
the least reduction in AC losses; by modifying the slot opening at 6.1%, this can increase
up to 43.8% with the introduction of the magnetic wedges. Conversely, slot opening
variation for the concentrated winding motors, i.e., S36-P30 and S24-P20, have an average
reduction in AC losses of 66.9% and 79.7% respectively, which is very promising in terms
of electromagnetic and thermal performance.

Despite the prementioned benefits and reduction in AC losses, the proposed tech-
niques might also have some negative effects. One aspect of the key performance parameter
is exemplified in Table 10 as the percentile change on the output power. The change in the
slot opening might in fact increase the output power. For example, in the case of motor
S24-P20, the output power can increase up to 3.8%. The PM-to-airgap ratio can also increase
the output power by 3.7% for the S24-P20 motor. The PM magnetisation directions and the
SM-wedge have a relatively strong negative effect on the output power. Thus, both of these
methods should be treated carefully, although PM losses can be reduced by a large margin
through these two methods. The stranding has a very minor effect in the majority of the
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studied cases. However, as has been discussed, the stranding and pushing of the winding
can increase the DC losses.

Table 10. Percentage change of AC losses compared to initial design quantitative comparison *.

Change Range
[Max, Min]

Average

S60-P20
(Distributed)

S48-P16
(Distributed)

S60-P16
(Fractional)

S72-P22
(Fractional)

S24-P20
(Concentrated)

S36-P30
(Concentrated) Overall

Magnetisation
direction

[1.3, 1.3]
1.3

[9.8, 9.1]
14.5

[4.5, 14.6]
9.6

[−25.4, −21.5]
−23.4

[−12.9, −6.6]
−9.8

[−21.9, −18.3]
−20.1

Minor-
Average

PM/AG ratio [−17.6, 8.0]
−5.1

[−24.9, 13.5]
−7.6

[−20.2, 5.3]
−9.1

[−24.1, 21.4]
−4.4

[−58.3, −23.3]
−40.9

[−34.6, 16.5]
−9.9

Minor-
Average

Depth and
Stranding

[−79.2, 62.3]
−5.8

[−93.1, 58.4]
−32.6

[−80.9, 153.9]
−9.9

[−85.6, 10.5]
−4.7

[−93.2, 73.8]
−14.6

[−86.1, 11.1]
−16.3

Major-
Average

Slot Opening [−32.9, −18.6]
−25.7

[−60.2, −50.2]
−51.9

[−6.1, 5.4]
−2.2

[−69.9, −66.3]
−68.1

[−90, −63.5]
−79.7

[−78.1, −50.4]
−66.9

Major-
Average

Magnetic
wedge

[−28.6, 33.8]
−2.6

[−77.5, −41.0]
−52.4

[−43.8, 13.5]
−13.9

[−59.3, −29.2]
−39.0

[−74.3, −29.7]
−46.0

[−64.7, −24.5]
−42.0 Average

Overall Minor-
Average Average Minor-

Average Average Major-
Average Major Average

Major

* Negative values indicate a reduction in AC losses, and positive values indicate an increase in AC losses.

Table 11. Percentage change of output power compared to the initial design quantitative comparison
for the AC loss reduction analysis *.

Change Range
[Max, Min]

Average

S60-P20
(Distributed)

S48-P16
(Distributed)

S60-P16
(Fractional)

S72-P22
(Fractional)

S24-P20
(Concentrated)

S36-P30
(Concentrated) Overall

Magnetisation
direction

[−15.0, −11.0]
−13.0

[−7.0, −4.2]
−5.6

[−7.9, −4.9]
−6.4

[−10.0, −7.0]
−8.5

[−11.2, −7.8]
−9.5

[−21.8, −18.4]
−20.1

Average
Negative

PM/AG ratio [−21.3, 5.5]
−6.8

[−15.5, 1.6]
−6.1

[−16.6, 1.8]
−6.3

[−16.3, 2.0]
−6.0

[−19.7, 3.7]
−6.6

[−21.2, 3.1]
−7.3

Average
Negative

Depth and
Stranding

[−20.5, 0.1]
−2.4

[−4.7, −0.1]
−2.8

[−5.0, 0.0]
−3

[−5.3, −0.1]
−2.9

[−2.1, 1.2]
−1.1

[−7.3, 0.0]
−4.7

Minor
Negative

Slot Opening [−0.4, 1.1]
0.4

[−4.1, −0.2]
−1.5

[−3.4, −0.1]
−1.3

[−3.8, 0.0]
−1.5

[1.3, 3.8]
2.7

[0.8, 3.6]
2.3

Minor
Positive

Magnetic
wedge

[−4.7, −1.9]
−4.1

[−7.8, −7.4]
−7.6

[−9.1, −7.7]
−8.5

[−8.7, −8.3]
−8.4

[−5.3, −4.2]
−4.7

[−11.8, −6.4]
−8.8

Average
Negative

Overall Minor
Negative

Minor
Negative

Minor
Negative

Minor
Negative

Minor
Negative

Average
Negative

Minor
Negative

* Negative values indicate a reduction in output power, and positive values is an increase in output power.

5. Conclusions

In this paper, the winding AC losses were investigated for six motors which cover three
different random winding configurations. Distributed, fractional slot, and concentrated
windings were included, and motors with pole numbers from 16 to 36 and slot numbers
from 24 to 72 were investigated to cover a wide range of motor designs. Five methods to
mitigate these losses were proposed and applied to the proposed motors. These include
optimising the airgap-to-PM ratio, PM magnetisation direction, wire stranding, pushing the
coils away from opening, reshaping the slot opening, and adding a magnetic slot wedge.
The analysis was executed through a finite element method-based software and the results
were later discussed in terms of quantitative comparisons. Hence, this extensive study
should serve as a reference recommendation for the optimum motor design when AC
winding losses are a concern.

In conclusion, there is a potential for a major cut in AC losses of concentrated winding
motors by all the proposed methods. Amongst them, winding depth and stranding are the
most effective, followed by changing the slot opening geometry and adding the magnetic
slot wedge. The fractional slot winding AC losses can be fairly mitigated by the magnetic
slot wedge and the change from open to closed slot opening, as well as by pushing the
winding away from the airgap and stranding of the turns. Distributed winding losses also
have a large margin of reduction through the proposed techniques. Finally, the proposed
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techniques can reduce AC losses by a very large margin of up to 93%. This provides the
additional advantage of reducing the cooling system weight and size, which is critical in
aerospace applications. It is recommended to consider the problem as a multi-aspect matter,
as while reducing the AC losses, the efficiency, PM losses, stator core losses, harmonics
content, output power, and torque ripples should all be monitored and maintained.
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