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 
Abstract— Magnet eddy current loss is very important for any 

types of permanent magnet machines, especially for high-speed 
permanent magnet machine since it increases significantly with 
rotating speed and has a great effect on the temperature of 
magnet, and hence, the electromagnetic performance, as well as 
irreversible demagnetization of the magnet. In this paper, a new 
method is proposed to reduce the rotor permanent magnet eddy 
current loss. The auxiliary slots with optimized size and position 
are proposed. By this mean, the asynchronous spatial harmonics 
caused by the armature reaction and the conventional slots can be 
partially decreased by the harmonics produced by the introduced 
auxiliary slots. It is proved that the rated on-load magnet eddy 
current loss can be reduced as much as 81.5% by this method 
while the rated on-load torque is only decreased by 4.8% in the 
3-slot/2-pole machine. In addition, it also shows that the proposed 
method could offer better performance in a machine with relative 
larger airgap length and it is also effective for other slot/pole 
combinations.  
 

Index Terms—Auxiliary slots, high speed PM machine, magnet 
eddy current loss. 
 

I. INTRODUCTION 

HE interest of high speed permanent magnet (HSPM) 
machine has grown significantly recently due to its high 

efficiency, high power density, as well as small size [1]-[8]. 
However, as a consequence of asynchronously rotating 
harmonics, the magnet eddy current loss is caused by the spatial 
harmonics as well as the time harmonics, which have 
significant influence on the machine performance [9]. This part 
of loss is much more important for high speed machines since it 
increases with rotating speed significantly, and affects the 
temperature of magnet, and hence the output torque and 
efficiency, as well as the potentially irreversible 
demagnetization of permanent magnets.  

In terms of spatial harmonics reduction, many different 
methods are proposed in the last decades. Winding 
optimization is one of the most effective ways since a proper 
winding design can reduce the MMF harmonics of armature 
field effectively [10]-[13]. However, this method might lead to 
low winding factor so that the copper loss will be increased to 
obtain the same output torque. Moreover, the length of end 
winding is also increased when the winding is overlapped. As a 
result, the nature frequency of shaft could be decreased, which 
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may cause mechanical problem when machine operates under 
high speed condition [14].  

Another method is using a relatively large air-gap, which is 
also desirable for high speed machine in terms of mechanical 
and aerodynamic considerations [15]. Since the high order 
spatial harmonics decay very quickly with the airgap, the large 
air-gap can filter most of them. However, the output torque is 
also reduced significantly by this method. Skewing and 
segmentation are the other two common choices [16]-[21]. 
Nevertheless, both these two methods are characterized as 
complicated manufacturing process as well as high cost [22]. 

In addition, optimization of rotor shape can also offer good 
performance. [23], [24] present two different rotor shapes for 
magnet eddy current loss reduction. However, both of them are 
designed for an interior permanent magnet (IPM) machine, and 
there might be a mechanical problem if they are employed for a 
surface mounted permanent magnet (SMPM) machine due to 
the bending effect and edge effect appearing on the edge of 
magnets [25]. In contrast, stator structure optimization is more 
suitable for high speed SMPM machines since the geometry of 
rotor will not be modified. [22] shows that slot opening with 
optimized size and position can reduce eddy current loss. 
However, the reduction is only as much as 15%. In addition, 
inserting auxiliary slots in the middle of stator teeth can reduce 
the no-load magnet eddy current loss dramatically [26]. 
Nevertheless, the influence of armature field is not considered 
in this method. Consequently, it has very limited influence 
under rated on-load condition. The adoption of auxiliary slots 
with optimized size and position are proposed in [27], which 
could significantly decrease the magnet eddy current loss. 
Nevertheless, it only focuses on the specific machine 
topologies, i.e. 3-slot/2-pole machines.  

This paper proposes a new method to reduce the magnet 
eddy current loss by using auxiliary slots. Both size and 
position of auxiliary slots are optimized under rated working 
condition. By this method, the asynchronous harmonics 
produced by armature field and conventional slots can be 
partially compensated by the harmonics produced by auxiliary 
slots. The 3-slot/2-pole machine with concentrated windings is 
chosen as the prototype machine and investigated at first due to 
its simple structure. Then the influences of airgap length and 
slot/pole combinations are studied as well.  

This paper is organized as follows. In Section II, the air-gap 
flux density in a conventional 3-slot/2-pole permanent magnet 
machine is analyzed, both PM and armature fields are 
considered. In Section III, the effect of auxiliary slots on 
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magnet eddy current loss is investigated and validated by the 
finite element (FE) method. Then, in Section IV, the 
electromagnetic performance of machine with auxiliary slots is 
evaluated and compared with the conventional machine. The 
influence of different working conditions is investigated in 
Section V. In addition, the effects of airgap length and slot/pole 
combinations are investigated in Section VI and Section VII, 
respectively. Finally, in Section VIII, the experiments are 
carried out for verifying part of numerically predictions, e.g. 
the back EMF as well as the static torque. 

II. FIELD ANALYSIS IN 3-SLOT 2-POLE PERMANENT MAGNET 

MACHINES 

In order to understand the source of asynchronous spatial 
harmonics in 3-slot/2-pole machine, the air-gap magnetic field 
analysis is very necessary. In this section, the air-gap flux 
density is calculated by a simple magnetomotive force 
(MMF)-permeance model which has several assumptions.  

1) The saturation of stator lamination is not considered. In 
addition, since this model is only for explaining the working 
mechanism of the proposed method instead of giving the 
accurate solution, the tangential flux component is neglected as 
well. 

2) The relative recoil permeability of PM is the same as air. 
3) Negligible eddy current reaction. 
4) The flux leakage and end effect are neglected. 
A 3-slot/2-pole conventional PM machine with concentrated 

winding is selected as the prototype machine shown in Fig.1, 
and its detailed parameters are listed in Table I. It should be 
noticed that in order to ease the investigation, the thickness of 
sleeve is also included in the airgap length which will not be 
calculated and presented separately.  

 
Fig. 1. Cross section of 3-slot/2-pole surface mounted permanent magnet 
machine.  

TABLE I 
BASIC PARAMETERS OF MACHINE 

Slot number   3 Shaft diameter (mm) 7 
Pole number   2 Magnet thickness (mm) 3.8 
Stator outer diameter (mm) 50 Magnet material   Nd-Fe-B 
Stator inner diameter (mm) 19 Magnetization Parallel  
Stator yoke height (mm) 5.2 Remanence (T) 1.2 
Slot opening (mm) 2 Rated current (A) 10 
Air-gap length (mm) 1 Current angle (Elec. Deg.) 0 
Rotor outer diameter (mm) 17 Rated speed (rpm) 60000 
Axial length (mm) 30 Number of turns per phase  32 

A. Open-Circuit Air-Gap Flux Density 

The MMF generated by rotor PM material can be treated as a 
sinusoidal wave since parallel magnetization is employed in 
this 2-pole machine. Hence, the MMF can be expressed as a 
cosine function of air-gap circumferential position ߠ as well as 
rotating speed ߱. 

 ( , ) cos( )PM PMF t F t       (1) 

The air-gap permeance model accounting for stator slots is 
shown in Fig. 2, and its Fourier series is expressed as  

   0 0

1

( ) cos
r

kn r
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P P P kn  



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where ଴ܲ  is the DC component of permeance, k is the 
harmonics index, ௞ܲ௡ೝ  is the amplitude of Fourier coefficient 
for the ݇݊௥th harmonic, nr is the stator tooth number and ߠ଴ 
indicates the phase difference between the initial rotor-pole 
position and the horizon line. 

 
Fig. 2. Air-gap permeance distribution accounting for stator slots.  
 

Therefore, the open-circuit air-gap flux density can be 
obtained by multiplying the PM MMF and the air-gap 
permeance distribution 
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B. Armature Reaction Air-Gap Flux Density 

Fig. 3 shows the MMF distribution when IphaseA=0 A, where 
IphaseA indicates the current for phase A, where F indicates the 
amplitude of MMF and ߠ  indicates the rotor position in 
mechanical degree. It should be noticed that measurable even 
order armature MMF harmonics exist in a 3-slot/2-pole 
machine, which is mainly due to the diametrically asymmetric 
disposition of the stator slots and coils [28].   

 
Fig. 3. Air-gap MMF generated by armature field in 3-slot/2-pole SMPM 
machine (IphaseA=0 A).  
 

The MMF of 3 phases can be expressed as: 
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 (4) 

The Fourier series expression of air-gap armature MMF can 
be calculated as a sum of 3 phases: 
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where ߱  is the electrical speed, n represents the harmonics 
order, m indicates that the harmonic has the same rotating 
direction comparing with fundamental harmonics, and i is any 
positive integer. 

The armature air-gap flux density is the product of armature 
MMF and air-gap permeance: 
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where MMF harmonics represent the air-gap flux density 
harmonics caused by non-sinusoidal armature MMF only, and 
MMF-slot harmonics indicate the spatial harmonics caused by 
the interaction of armature MMF harmonics and the permeance 
variation caused by slots.  

C. Resultant Air-Gap Flux Density 

It is found that the modified harmonics of ܤ୅୆େ  have the 
same characteristics compared with ܤ୔୑ , which means the 
same order harmonic in ܤ୅୆େ  and ܤ୔୑  have the same 
frequency as well as rotating direction, and the only difference 
between them is the amplitude and the phase angle. Hence, the 
resultant air-gap flux density can be calculated as 

    
resultant
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sin sin

PM ABC

j j k k

j k

B B B
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where ݆ǡ ݇  are the harmonic indices; ܤ௝  ௞ are the Fourierܤ ,
coefficients of the ݆thǡ ݇th harmonics, while ߠ௝ ௞ߠ ,  represent 
the corresponding phases.  

III. EFFECT OF AUXILIARY SLOTS ON MAGNET EDDY 

CURRENT LOSS 

The effect of auxiliary slots mainly reflects on the 
modification of air-gap permeance distribution. Fig. 4 shows 
the permeance model accounting for both conventional and 
auxiliary slots.  

 
Fig. 4. Air-gap permeance distribution accounting for conventional stator slots 
and auxiliary slots. 

As can be seen, the auxiliary slots have similar effect on 
permenace modification comparing with the conventional slots. 
According to (3), (6) and (9), the harmonics produced by 
auxiliary slots can be also presented in a similar form: 

    
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where ܤ୦ୟ୰ǡୟ୳୶ ୅୆େǡ୦ୟ୰ǡୟ୳୶ܤ ௉୑ǡ୦ୟ୰ǡୟ୳୶ andܤ ,  are the total field 
harmonics, PM field harmonics as well as MMF-slot harmonics 
caused by auxiliary slots; ܤ௝ᇱ, ܤ௞ ᇱare the Fourier coefficients of 
the ݆thǡ ݇th  harmonics, while ߠ௝ᇱ ௞ᇱߠ ,  represent the 
corresponding phases.  

Since the auxiliary slots affect the air-gap permeance 
similarly comparing with the conventional slot openings, the 
harmonics produced by auxiliary slots have the same rotating 
speed and direction as the harmonics in the conventional 
machine shown in (3). Meanwhile, with changing the size and 
position of auxiliary slots, the amplitude and phase of 
harmonics produced by auxiliary slots can be also modified. 
Therefore, it is possible to use these harmonics to partially 
decrease the asynchronous harmonics in the conventional 
machines so that the magnet eddy current loss can be reduced. 
Consequently, both optimal size and position of auxiliary slots 
are required so that the air-gap flux density harmonics produced 
by them can have the same amplitude but opposite direction 
comparing with the original asynchronous harmonics. 

The finite element (FE) method is employed for global 
optimization and the magnet eddy current loss calculation. The 
goal of the optimization is the minimum magnet eddy current 
loss under rated working condition, and the genetic algorithm is 
employed in the optimization process. The rated working 
condition indicates the amplitude of current equals to its rated 
value, and the current angle is zero, which means the 
fundamental component of the PM flux linkage is aligned with 
the d-axis. The optimized parameters are height which may be 
known as depth, width as well as position of auxiliary slots. The 
shift angle is defined as the mechanical angle between the 
middle of the auxiliary slots as well as the middle of 
corresponding tooth in clockwise direction.  

The comparison of topologies of machines with and without 
auxiliary slots are shown in Fig.5, and the detailed parameters 
of the optimal auxiliary slots are listed in Table II  

 

  
(a) (b) 

Fig. 5. Cross sections of machine without and with auxiliary slots. (a) Without 
auxiliary slots. (b) With auxiliary slots. 

TABLE II 
PARAMETERS OF AUXILIARY SLOT 

Height (mm) 0.549 
Width  (mm) 9.540 

Shift angle (Mech. Deg.) 16.384 
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The magnet eddy current loss is compared in Fig. 6 which 

can be divided into two different regions. The loss in the region 
A is lower in the conventional machine, while the opposite 
trend can be observed in the region B. As can be seen, the 
magnet eddy current loss under rated working condition, i.e. the 
current equals to 10A, is reduced by 81.5% in the proposed 
machine, which shows the great effectiveness of this method.  

In order to validate the proposed method further, the 3D FE 
results are carried out and compared in Fig. 7 and Table III. As 
shown, the 3D results also confirm the effectiveness of the 
proposed method. The slight reduction of magnet eddy current 
loss in 3D FE results is mainly due to the flux leakage in the end 
part of machine.  

 
Fig. 6. Average magnet eddy current loss with different currents. 

   
(a) Without auxiliary slots (b) With auxiliary slots  

Fig. 7. 3D magnet eddy current loss distribution under rated working condition 
(IphaseA=0 A).  
 

TABLE III 
COMPARISON OF MAGNET EDDY CURRENT LOSS 

 Without auxiliary slots With auxiliary slots 
2D Prediction (W)  8.54 1.58 
3D Prediction (W) 7.02 1.23 
 

In order to investigate in details, the spatial harmonics are 
analyzed and shown in Fig. 8, in which the representative 
harmonic, i.e. the 2nd spatial harmonic, is selected. In the 
figure, the first six legends indicate the amplitudes of the 2nd 
order flux density harmonics from different sources which are 
corresponded with the left y-axis, and the last two legends 
indicates the phase difference of the 2nd flux density harmonics 
between PM and armature fields in conventional and proposed 
machines which are corresponded with the right y-axis.  

As can be seen, the phase differences between the 2nd 
harmonics in armature and PM fields are about 180 degrees in 
the proposed machine, which results in a cancelling effect. 
However, the amplitude of the 2nd harmonic produced by 
armature reaction is proportional to the input current. 
Consequently, the cancelling effect is not significant when the 
input current is low, and the magnet eddy current loss is 
increased due to the enhanced asynchronous harmonics in PM 

field caused by the auxiliary slots. In contrast, the cancelling 
effect becomes much more significant when the current is 
higher. Therefore, the magnet eddy current loss is reduced 
significantly. As for the conventional machine, the phase 
differences between the 2nd harmonics in PM and armature 
fields are about 90 degrees. As a result, there is almost no 
cancelling effect and the harmonics in these two fields nearly 
add with each other over the whole current interval.  

 
Fig. 8. Variation of the 2nd order flux density harmonic with different current 
values. 
 

In order to verify that the magnet eddy current loss reduction 
is due to the spatial harmonics reduction, the comparison of 
magnet eddy current density distributions is shown in Fig. 9, 
where ߙ௥௢௧௢௥  is the rotor circumferential position, ܪ௉ெ  is the 
distance between the radial position of magnet and the central 
of shaft. The 8.9 mm indicates the outer surface of magnet and 
5.1 mm denotes the location of magnet very close to the shaft. It 
is worth noting that the magnet eddy current density 
distribution is used instead of flux density distribution. This is 
due to the fact that the magnet eddy current density distribution 
considers both amplitude and frequency of spatial harmonics, 
while the flux density distribution only takes the amplitude of 
harmonics into account. 

  
(a) (b) 

  
(c) (d) 

Fig. 9. Eddy current density distribution comparison. (a) and (b) Spatial 
distributions of machine without and with auxiliary slots. (c) and (d) Spectra of 
machine without and with auxiliary slots. 
 

As can be seen, the magnet eddy current loss in the 
conventional machine is mainly caused by low order 
harmonics, i.e. the 2nd, 4th and 5th harmonics. However, these 
harmonics are decreased significantly when the auxiliary slots 
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are added, especially the 2nd harmonic. As a result, the magnet 
eddy current loss is reduced significantly. 

IV. MACHINE PERFORMANCE 

In the previous sections, the mechanism and effectiveness of 
auxiliary slots on the magnet eddy current loss reduction have 
been explained and investigated. In this section, the 
electromagnetic performance of the proposed machine is 
evaluated and compared with the conventional one. 

A. Flux Linkage and Back EMF 

Fig. 10 compares the open-circuit phase flux linkage. It can 
be seen that the difference is very small and the slight reduction 
in the machine with auxiliary slots is mainly due to the 
increased equivalent air-gap length caused by auxiliary slots. 

The phase back EMFs are also compared in Fig. 10. Since 
the back EMF is proportional to the phase flux linkage.  

The impact of auxiliary slots on phase flux linkages is also 
reflected on the phase back EMFs that the fundamental is 
reduced slightly. The spectra shows that the harmonic contents 
in these two machines are very low, which means the auxiliary 
slots do not introduce extra back EMF harmonics. 

 

 
(a) 

 
(b) 

Fig. 10. Phase flux linkage and back EMF comparison. (a) Waveforms. (b) 
Spectra 

B. Torque Characteristics 

The cogging torques are compared under no-load condition 
in Fig. 11. It can be seen that the cogging torques in these two 
machines have different amplitude as well as phase, which is 
caused by the shifted auxiliary slots. Moreover, the difference 
between cogging torques in these two machines is very small, 
which means the auxiliary slots do not increase the cogging 
torque significantly. 

 
Fig. 11. Cogging torque comparison under no-load condition.  

 
The rated on-load torque of these two machines are shown in 

Fig. 12. As shown, the output torque of the proposed machine is 
only reduced slightly, by 4.8%, which is also caused by the 
increased equivalent air-gap length. In terms of the torque 
ripple, both these two machines have very low torque ripple 
since the cogging torque and back EMF harmonics in these two 
machines with diametric PM magnetization are very low.  

 
Fig. 12. Rated on-load torque comparison.  

C. Unbalanced Magnetic Force 

It is well-known that unbalanced magnet force (UMF) occurs 
in 3-slot/2-pole machine due to the asymmetric stator topology 
as well as unbalanced winding structure. Fig. 13 shows the 
UMF comparison, it is found that the UMF is dramatically 
reduced in the machine with auxiliary slots, and the details will 
be explained in another paper.  

 
Fig. 13. Unbalanced magnetic force comparison.  

V. EFFECT OF WORKING CONDITION 

Previous sections focus on the performance evaluation under 
the rated working condition. However, the working conditions 
may change in practice. Therefore, the investigation of the 
effect of working conditions is very necessary.  

Fig.14 shows the variations of magnet eddy current loss and 
on-load average torque with different working conditions. It is 
found that the loss in the conventional machine increases with 
current amplitude and the current angle has small influence on 
its value. In contrast, as for the machine with auxiliary slots, the 
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minimum magnet eddy current loss occurs around the rated 
working condition, and the maximum loss occurs when the 
d-axis current reaches the maximum value. In addition, the 
machine with auxiliary slots has almost the same output torque 
comparing with the machine without auxiliary slots under all 
working conditions, the slight reduction of torque is due to the 
increased equivalent air-gap caused by auxiliary slots. In 
contrast, the machine with auxiliary slots has much lower 
magnet eddy current loss around the rated working condition.  

 
(a) (b) 

 
(c) (d) 

Fig. 14. Performance of machines under different working conditions. (a) and 
(b) are magnet eddy current loss of machines without and with auxiliary slots. 
(c) and (d) are torque of machines without and with auxiliary slots.  

In order to investigate this phenomenon in more details, the 
air-gap flux density harmonics with different working 
conditions are simulated by frozen permeability method [29]. 
By way of example, the amplitude and phase of the 2nd and 4th 
harmonics with different input current and current angle are 
shown in Fig.15 and Fig.16, respectively. It should be noticed 
that the current angle is fixed as zero in Fig. 15, and the current 
amplitude is fixed as 10 A in Fig. 16.  

It should be mentioned that the other harmonics also have 
minor effect on the loss. Hence, the amplitudes of 2nd and 4th 
harmonics of the optimized machine may not be zero under 
rated working condition. Moreover, although there are only two 
harmonics analyzed here, but the principle and conclusion can 
be also applied to any other harmonics.  

As can be seen, the effect of current amplitude mainly 
reflects on the variation of harmonics amplitude caused by 
armature reaction, while the phase difference between the 
harmonics produced by PM field and armature field is almost 
kept as the same. In contrast, when the current angle changes, 
the phase difference varies dramatically while the amplitude of 
harmonics are just affected slightly. 

 
(a) 

 
(b) 

Fig. 15. Harmonics versus different current amplitude. (a) 2nd harmonic. (b) 4th 
harmonic.  

 

 
(a) 

 
(b) 

Fig. 16. Harmonics versus different current angle. (a) 2nd harmonic. (b) 4th 
harmonic. 

VI. INFLUENCE OF AIRGAP LENGTH 

The previous sections focus on the machines with fixed 
airgap length. However, the airgap length could be different 
depending on the rotating speed, materials of sleeve and 
magnet, etc. Therefore, the influence of airgap length needs to 
be investigated as well.  

Since the main focus for this paper is on the magnet eddy 
current loss, in order to make fair comparison, the rotor 
structure and the rotating speed will be kept as the same while 
the inner diameter of stator will shrink slightly with airgap 
lengths. The minimum airgap length is chosen as 0.5mm while 
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the maximum value is 1mm. It is assumed that the mechanical 
requirement could be met in all situations, since the 
performance of loss is emphasized.   

The auxiliary slots have been optimized with different airgap 
lengths individually. The rated on-load magnet eddy current 
loss and torque with different airgap length are shown in 
Fig.17.  

It can be seen that the magnet eddy current loss decreases in 
both conventional and proposed machines, and it shows that the 
proposed method could significantly reduce the loss in all 
different airgap lengths. Moreover, the reduction proportion 
has also been calculated which is defined as the reduced value 
over the value in the conventional machine. It can be seen that 
the reduction proportion of magnet eddy current loss increases 
with the airgap length from 72.5% to 81.4%, which means the 
proposed method could offer better performance in terms of the 
loss reduction in machines having larger airgap length. As for 
the rated on-load torque, it can be seen that its value decreases 
with airgap length in both machines, and the difference 
between the conventional and proposed machines is insensitive 
to the airgap lengths, of which the variation is smaller than 1%. 

 
(a) 

 
(b) 

Fig. 17. Machine performances with different airgap lengths. (a) Rated on-load 
magnet eddy current loss (b) Rated on-load average torque. 

 
The influence of auxiliary slots on the magnet eddy current 

loss in machines having different airgap lengths mainly 
depends on the current density harmonic contents on the 
magnet. The comparison of current densities is shown in 
Fig.18. The proportion of harmonics of the current density on 
the PM in conventional and proposed machines with 0.5mm 
and 1mm airgap lengths are compared, and the reduction due to 
the auxiliary slots is also shown. 

As can be seen, the low order harmonics have larger 
amplitude, hence more contribution to the loss in machine with 
1mm airgap length, especially the 2nd harmonic. This is due to 
the fact that the high order harmonics have relatively smaller 
skin depth and the larger airgap length could filter out part of 

them. As a result, the higher order harmonics have more 
influence on the loss in machine with smaller airgap length 
comparing with the larger one.  

However, as shown in Fig. 18 (c), the auxiliary slots mainly 
reduce the low order harmonics, which means it has very small 
influence on the high order harmonics. Consequently, the 
machines with larger airgap length could benefit more in terms 
of the magnet loss reduction from the proposed method.  

 
(a) 

 
(b) 

 
(c) 

Fig. 18. Harmonic percentage of current density on the PM with different 
airgap length. (a) Conventional machine (b) Proposed machine. (c) Harmonic 
reduction by auxiliary slots. 

 

VII. INFLUENCE OF SLOT/POLE COMBINATIONS AND WINDING 

CONFIGURATIONS 

The previous sections investigated the influence of auxiliary 
slots on the magnet eddy current loss in a 3-slot/2-pole 
machine. Nevertheless, other slot/pole combinations could be 
also applied to high speed permanent magnet machines. The 
feasibility of the proposed method applied to 6-slot/2-pole 
machines is studied in this section. Both full pitch and 
tooth-coil windings are taken into account.  

The conventional 6-slot/2-pole machines are shown in 
Fig.19 and the detailed parameters are shown in Table IV. It 
should be mentioned that these two machines share the same 
rotor which has the same parameters listed in previous sections, 
but the stators have been optimized for maximum rated on-load 

0
10
20
30
40
50
60
70
80
90
100

0

2

4

6

8

10

12

14

0.5 0.6 0.7 0.8 0.9 1

R
ed

uc
ti

on
 p

er
ce

nt
ag

e 
(%

)

L
os

s 
(W

)

Airgap length (mm)

Conventional

Proposed

Reduction proportion

0
10
20
30
40
50
60
70
80
90
100

0

50

100

150

200

250

0.5 0.6 0.7 0.8 0.9 1

R
ed

uc
ti

on
 p

er
ce

nt
ag

e 
(%

)

T
or

qu
e 

(m
N

m
)

Airgap length (mm)

Conventional

Proposed

Proportion

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12 14 16 18 20 22 24

P
er

ce
nt

ag
e 

(%
)

Harmonics order

airgap length 1mm

airgap length 0.5mm

1 3 5 7 9 11 13 15 17 19 21 23

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12 14 16 18 20 22 24

P
er

ce
nt

ag
e 

(%
)

Harmonics order

airgap length 1mm

airgap length 0.5mm

1 3 5 7 9 11 13 15 17 19 21 23

-5
0
5

10
15
20
25
30
35
40
45

0 2 4 6 8 10 12 14 16 18 20 22 24

P
ro

po
rt

io
n 

re
du

ct
io

n 
(%

)

Harmonics order

airgap length 1mm

airgap length 0.5mm

1 3 5 7 9 11 13 15 17 19 21 23



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

8 

torque individually due to the different winding configurations. 
In addition, the input current is fixed as 10A for both machines 
during the optimization, which means the output torques of 
machines with different winding structures should be also 
different.  

In terms of auxiliary slots, the sizes and positions are 
optimized for minimum magnet eddy current loss in both 
machines separately. The optimized machine topologies are 
shown in Fig. 20, and the detailed optimal auxiliary slots 
parameters are listed in Table V. 

  
(a) (b) 

Fig. 19. Cross sections of conventional 6-slot/2-pole machines. (a) With full 
pitch winding. (b) With tooth-coil winding. 

TABLE IV 
BASIC PARAMETERS OF 6-SLOT MACHINES 

Parameters Full pitch winding tooth-coil winding 

Stator tooth width (mm) 5.93 5.63 
Stator yoke height (mm) 3.09 2.96 

Slot opening (mm) 0.41 0.41 
Tooth tip height (mm) 0.82 0.55 

 

  
(a) (b) 

Fig. 20. Cross sections of 6-slot/2-pole machines with optimal auxiliary slots. 
(a) With full pitch winding. (b) With tooth-coil winding. 

TABLE V 
BASIC PARAMETERS OF OPTIMAL AUXILIARY SLOTS IN 6-SLOT MACHINE 

Parameters Full pitch winding Tooth-coil winding 

Height (mm) 0.27 0.13 
Width (mm) 6.83 5.86 

Shift angle (Mech. Deg.) 6.51 7.74 

 
The comparison of magnet eddy current losses is shown in 

Fig. 21. As can be seen, the auxiliary slots can significantly 
reduce the magnet eddy current loss in both machines. The 
reductions in machines with full pitch and tooth-coil windings 
are as much as 82.4% and 78.7% under rated working 
condition, respectively. Moreover, the machine having 
tooth-coil winding has lower magnet eddy current comparing 
with the machine with full pitch winding, which benefits from 
the lower armature field spatial harmonics caused by the lower 
winding factor. The total winding factor for the prototype 
machine with full pitch winding is 1 for all harmonics, while it 
is 0.5 for all harmonics in the prototype machine with tooth-coil 
winding.  

 
Fig. 21. Magnet eddy current loss of 6-slot/2-pole machines with different 
currents. 

 
The current density with different magnet thicknesses and 

rotor positions are shown in Fig. 22 and Fig. 23. As shown, the 
magnet eddy current loss in 6-slot machines mainly comes from 
the 5th, 7th, 11th, and 13th spatial harmonics, and the auxiliary 
slots could reduce these harmonics significantly, and hence 
much lower magnet eddy current loss.  

However, the lower winding factor in machine with 
tooth-coil winding also results in lower output torque. The 
comparison of rated on-load torque is shown in Fig. 24. As can 
be seen, the torque of the machine with full pitch winding is 
almost twice comparing with the machine having tooth-coil 
winding.  

In terms of the torque reduction due to the auxiliary slots, the 
torque decreases by 1.2% in the machine with tooth-coil 
winding but 2.6% in machine with full pitch winding. As can be 
seen that the auxiliary slots have less influence on the torque in 
the machine with tooth-coil winding. This is due to the spatial 
harmonics in this machine is relatively low which means the 
smaller size auxiliary slots are required to compensate the 
spatial harmonics. As a result, the increased equivalent airgap 
length due to auxiliary slots is smaller in machine with 
tooth-coil winding.  

  
(a) (b) 

  
(c) (d) 

Fig. 22 . Comparison of current density distributions of 6-slot/2-pole machine 
with full pitch winding. (a) and (b) Waveform of machine without and with 
auxiliary slots. (c) and (d) Spectra of machine without and with auxiliary slots.    
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(a) (b) 

  
(c) (d) 

Fig. 23. Comparison of current density distributions of 6-slot/2-pole machine 
with tooth-coil winding. (a) and (b) Waveforms of machine without and with 
auxiliary slots. (c) and (d) Spectra of machine without and with auxiliary slots.    

 

 
Fig. 24. Rated on-load torque of 6-slot/2-pole machines with different currents. 
 

In contrast, the torque reduction in the 3-slot machines is 
4.8% as shown in Fig. 12, which is much higher than that in 
6-slot machines, since the spatial harmonics content in 3-slot 
machines are much higher due to asymmetric windings. The 
rated on-load airgap flux densities are shown in Fig. 25, and the 
comparison of total harmonic distortion (THD) is listed in 
Table V. As a result, it can be seen that the abundant even low 
order spatial harmonics due to asymmetric windings result in 
higher spatial harmonics, and hence, higher THD, which means 
larger auxiliary slots are required in 3-slot machines. 
Consequently, the torque reduction is higher in 3-slot 
machines. 
 

 
(a) 

 
(b) 

Fig. 25. Rated on-load airgap flux density comparison in the conventional 
machine. (a) Waveforms (b) Spectra. 

TABLE VI 
TOTAL HARMONIC DISTORTION IN CONVENTIONAL MACHINES WITH 

DIFFERENT SLOT/POLE COMBINATIONS AND WINDING CONFIGURATIONS 
3-slot/2-pole tooth-coil winding 7.56% 
6-slot/2-pole full pitch winding 5.61% 
6-slot/2-pole tooth-coil winding 2.98% 

 

VIII. EXPERIMENTAL VALIDATION 

In order to validate the numerically predicted results, the 
experiments for back EMF and static torque are carried out. The 
pictures of conventional and proposed machines are shown in 
Fig. 26. Both conventional and proposed 3-slot/2-pole 
machines have been built with the airgap length of 0.6mm. 

  
(a) (b) 

 
(c) 

Fig. 26. Photos of 3-slot/2-pole prototype machines. (a) Stator of conventional 
machine. (b) Stator of proposed machine. (c) Rotor.  

 
It should be noticed that due to the small size, low output 

torque and high rotating speed, the total loss and each loss 
component are very hard to be measured accurately. 
Nevertheless, several main electromagnetic performances, i.e. 
the open-circuit back EMF and static torque, are tested to verify 
the correctness of the FE results.  

The open-circuit back-EMFs at 1000r/min are measured and 
compared with 2D and 3D FE predicted results in Fig. 27. It can 
be seen that the great agreement is observed. In addition, the 3D 
simulation results are closer to the test results, since it has taken 
the end effect into consideration. The slight difference is 
mainly due the manufacturing error, etc. Moreover, the 
difference between the conventional and proposed machines is 
small which means the auxiliary slots have slight influence on 
the back EMF.   
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(a) 

 
(b) 

 
(c) 

Fig. 27. Comparison of FE-predicted and measured back EMFs at 1000r/min. 
(a) Waveforms of conventional machine. (b) Waveforms of proposed machine. 
(c) Spectra.   
 

In addition, the static torque of both machines are measured, 
which is defined as the torque with fixed input current as ܫ஻ ൌܫ௖ ൌ െ ଵଶ  ௔. The variation of rated static torque with differentܫ

rotor position is shown in Fig. 28 (a) and the maximum torque 
with different input current is shown in Fig. 28 (b). It can be 
seen that the difference between the predicted and measured 
values is very small, and it shows the conventional machine has 
slightly higher output torque comparing with the proposed one. 

 
(a) 

 
(b) 

 
(c) 

Fig. 28. Comparison of FE-predicted and measured static torques with different 
rotor positions and q-axis currents. (a) Torque in the conventional machine with 
different rotor positions and ܫ௤ ൌ ͳͲ AǤ (b) Torque in the proposed machine 
with different rotor positions and ܫ௤ ൌ ͳͲ AǤ (c) Maximum on-load torque with 
different ܫ௤ Ǥ 

IX. CONCLUSION 

In this paper, a new method has been proposed to reduce the 
magnet eddy current loss in a high speed machine. The 
3-slot/2-pole machine with concentrated winding has been 
investigated at first. The air-gap flux density has been analyzed 
by a MMF-permeance model accounting for the slotted effect, 
it shows that the asynchronous harmonics produced by the 
armature field as well as by the conventional slots can be 
partially reduced with the harmonics caused by the optimized 
auxiliary slots, so that the magnet eddy current loss can be 
reduced significantly. Another point is that the auxiliary slots 
just increase the air-gap length slightly, and hence the reduction 
of output torque is also very small. However, this method also 
has limitations, the most important one is the working condition 
of the machine has great effect. In addition, the influence of 
airgap length and slot/pole combinations have been 
investigated as well, it shows that the machine with larger 
airgap could benefit more from the proposed method and this 
method is effective in all 3-slot and 6-slot machines.  
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