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Investigation of Optimal Split Ratio of
6-Slot/2-pole High Speed Permanent Magnet
Motor with Toroidal Winding
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Abstract—Split ratio, i.e. the ratio of stator inner diameter to
outer diameter, has a closed relationship with electromagnetic
performance of permanent magnet (PM) motors. In this paper,
the toroidal windings with short end-winding axial length are
employed in the 6-slot/2-pole (6s/2p) PM motor for high speed
applications. The split ratio is optimized together with the ratio of
inner slot to outer slot area, i.e. slot ratio, considering stator total
loss (stator iron loss and copper loss). In addition, the influence of
maximum stator iron flux density and tooth-tip on the optimal
split ratio, slot ratio, and average torque is investigated. The
analytical predictions show that when the slot ratio is 0.5, the
maximum torque can be achieved, and the optimal split ratio
increases with the decrease of slot ratio, as confirmed by the finite
element (FE) analyses. Finally, some of predicted results are
verified by the measured results of 6s/2p prototype motor with 0.5
slot ratio.

Index Terms—High speed, Optimal split ratio, Permanent
magnet motor, Slot ratio, Toroidal winding.

I. INTRODUCTION

HIGH speed permanent magnet (HSPM) motors have
advantages of high power density and high efficiency.
They are widely employed in many industrial applications,
such as electric turbochargers, automotive superchargers, micro
gas turbines, compressors, blowers, pumps, hybrid electric
vehicles, turbo-molecular pumps, and machine tool spindle
drives [1]-[8]. For domestic appliances, e.g. vacuum cleaners,
small size low power HSPM motors offer advantages in high
power density and high efficiency which is desirable and
attractive [9]. There are different slot/pole combinations has
been employed in this area, such as 3-slot/2-pole (3s/2p) motor
with non-overlapping windings [9][10], 6-slot/2-pole (6s/2p)
motors  with  non-overlapping/overlapping  windings

[3L[11]-[12].
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In literature, [10] designs a 3s/2p HSPM motor for hand
piece tool. The rotor with a solid PM together with stainless
steel shaft is designed to improve the mechanical strength for
high speed operation (150 krpm). In [9], a 20 krpm 3s/2p
HSPM motor is designed for friction welding unit. It shows that
compared with conventional motor, HSPM motor with high
frequency result in large stator iron loss, which cannot be
neglected in the optimization. 3s/2p PM motors with inherent
unbalanced magnetic force (UMF) may lead to vibration and
noise, and thus, a 6s/2p PM motor with no UMF is more
attractive for high speed applications. In [11], a 6s/2p HSPM
motor with tooth-coil windings is designed and analyzed. The
Inconel material (Inconel-718) for magnet protection covers the
rotor surface and the magnets are magnetized radially. The
differences between 3s/2p and 6s/2p HSPM motors with
tooth-coil windings are compared in [12]. The results show that
since the 3-slot motor has richer spatial harmonics caused by
slotting effect, the 6-slot motor has less rotor eddy current loss,
which is desirable for high speed application. However, the
6s/2p HSPM motor with non-overlapping windings has
relatively low winding factor (0.5). Therefore, a 6s/2p HSPM
with two slot-pitch windings is proposed to increase the output
torque and torque density since it has large winding factor
(0.866) and relatively short axial length [14].

As another kind of non-overlapping windings, toroidal
windings with short end-winding axial length can be beneficial
for better rotor mechanical stiffness under high speed rotation,
which have been employed for several applications, such as
micro turbine, gas turbine, and air compressor [15]-[17]. [15]
and [16] design 6s/2p HSPM generators for micro turbines and
for mesoscale gas turbines, respectively. In [17], three 6s/2p
HSPM motors with different rated speeds (150 W at 200 krpm,
42 W at 90 krpm, 3.7 kW at 240 krpm) are designed. It is found
that the high external leakage of the armature field of toroidal
windings will lead to eddy current losses in the housing, which
may account for 50% of total motor loss and should be
considered. [18] investigates the effect of slot number on the
electromagnetic performances of 2-pole HSPM motors with
toroidal windings, accounting for back electromotive forces
(back-EMF), cogging torque, electromagnetic torque, different
loss components including losses in the housing, winding
inductance, and UMF. Overall, toroidal windings have
advantages of short end-winding axial length, simple structure,
easy manufacturing process, and modular design.
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344 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 4, DECEMBER 2022

In general, the stator outer diameter is fixed, the design of
stator inner diameter, i.e. split ratio (SR), has a great effect on
motor torque, power capability and overall manufacturing cost
[10],[19],[20]. In literature, the optimal SR has been
investigated under different design considerations and
restrictions [8] [21]-[25]. For low- and moderate-speed PM
motors with overlapping and non-overlapping windings, the
optimal SR has been investigated comprehensively in [22].
Moreover, the influences of operation mode, air-gap flux
density distributions, tooth-tips and end-windings on optimal
SR are discussed. For HSPM motors, [8] analyses the optimal
SR and optimal flux density ratio by analytical method.
Considering the stator iron loss, [21] optimizes the SR for the
highest efficiency. [23] considers the stator iron loss and
mechanical constraints for optimal SR in 6-slot/4-pole HSPM
motor. [24] derives an analytical expression of the optimal SR
accounting for both stator and rotor loss limitations in small
size HSPM motors. For HSPM motors with toroidal windings,
[18] uses finite element (FE) method to optimize the SR for
maximum torque with fixed current density and stator thermal
limitation.

It is worth noting that in existing research, the outer and inner
slot areas are all defined as the same value for maximum
electrical load. However, in order to improve the heat
dissipation capability of HSPM motor, the partial areas in outer
slots of motors with toroidal windings can be used as the
cooling channels under forced-air cooling and the slot ratio, i.e.
the ratio of inner slot area to total slot area, will be changed
accordingly. Therefore, in this paper, the influence of slot ratio
on the optimal SR of the 6s/2p HSPM motor with toroidal
windings (TWHSPM) will be investigated, which is a main
innovation of this research. In addition, the effect of stator total
loss and the maximum stator iron flux density will be
considered.

In section II, the motor topology including end-winding
model are described. The optimal SR for maximum torque with
fixed stator total loss is investigated analytically in section III.
The influence of different design parameters on the optimal SR,
including slot ratio, maximum stator iron flux density, and
tooth-tips are illustrated in Section IV. A porotype motor is
manufactured and tested in section V. Section VI is the
conclusion.

II. MOTOR TOPOLOGY

The cross section of a 6s/2p TWHSPM motor is shown in Fig.

1. The slot is divided into inner and outer slots by stator yoke
due to toroidal winding configuration. The toroidal windings
mean the winding is wound on the stator yoke, one side of the
coil is located in the outer slot and the other side is located in
the inner slot. It is worth noting that the connection polarities of
the coils Al and A2 for the same phase in the inner slot are
opposite, Fig. 1. Under high speed operation, a 2-pole ring
magnet with parallel magnetization is adopted to reduce the
operating frequency, which is protected by a stainless steel
sleeve, and a magnetic shaft is adopted to improve output
torque. In addition, the straight tooth without tooth-tips is

employed for simplifying manufacture process. Table I shows
the basic parameters of the motor.

For the motor with toroidal windings, only conductors in the
inner slot of winding can link the flux and produce the
back-EMF, the rest conductors, i.e. the conductors in the outer
slot only form the current circuit loop. Therefore, the winding
factor (k) of the 6s/2p combination is 0.5 as the winding in the
outer slot can be treated as a part of end-winding [18]. Fig. 2
shows the end-winding model includes two end parts linking
the outside and inside conductors which are assumed to be
semi-circular. The total end-winding length (/) of one coil can
be calculated as

h h.
1 =21 +I, :2{%(%+hy)+21&}+la (1)

where /o, hin and h, depict outer tooth height, inner tooth
heights, and stator yoke height, respectively. /. and /, are the
radial end-winding length and the stator active length,
respectively. In addition, based on the manufactory process the
extra part of end-winding length (/) is variable and considered
in this paper.

r

(b)
Fig. 1. Cross section and flux distribution of the 6s/2p TWHSPM motor. (a)
Cross section. (b) Flux distribution.

Fﬂ
la

hy

N

(b)
Fig. 2. End-winding model of the motor with toroidal windings. (a) Model 1. (b)
Model 2.

TABLE [
BASIC PARAMETERS OF TWHSPM MOTOR
Rated speed (krpm) 110 Shaft diameter (mm) 5
Stator outer radius (mm) 27 Remanence (T) 1.3
Stator active length (mm) 9.1 Magnetization Parallel
Air-gap length (mm) 1.55  Number of series turns 37




XU et al. : INVESTIGATION OF OPTIMAL SPLIT RATIO OF 6-SLOT/2-POLE HIGH SPEED PERMANENT MAGNET MOTOR WITH TOROIDAL 345

WINDING

III. OPTIMAL DESIGN FOR MAXIMUM TORQUE

In this section, the SR of the 6s/2p TWHSPM motor is
optimized for maximum average torque by analytical method.
It is assumed that the inner slot area equals to outer slot area,
and the outer tooth and inner tooth have the same width
although the outer teeth are only used for mechanical
supporting. In HSPM motors, high frequency will result in
large stator iron loss. Therefore, the optimal SR of the HSPM
motor takes both stator iron loss and copper loss into account.
The stator iron loss is calculated by the Bertotti module [26]

By =m W, 2)

W=k B +kof "By +k. [ B, €)
where Wy, represents the iron loss density, kxy, kex, and ke. depict
the hysteresis coefficient, the eddy current coefficient, and the
excess loss coefficient, respectively. f is the fundamental
frequency. By depict the maximum stator iron flux density. my
is the stator mass, which can be calculated by

mg, =poAl,

[(0.-h) (Db -D) ]2
4 sin

“4)

= p/elu

where pr and D; depict the iron mass density and the stator
inner diameter, 4, is the inner slot area, A is the stator iron
area without the area of outer slot teeth since there are no flux in
outer slot teeth and their iron flux densities are equal to almost
Zero.

In order to limit the motor operating temperature, the
optimization employs a fixed stator loss, which counting for
stator iron loss and copper loss. In this case, under forced-air
cooling, the stator thermal limitation can be derived as [1] [27]

B =hv,, D, Q)
where D; is the stator outer diameter, and /4 is the overall heat
transfer coefficient of 100 W/(°Cm?). Accounting for ‘E’
insulation class, the winding hotspot temperature must be lower
than the maximum allowed temperature v, of 120€ for slotted
structure. As mentioned in section II, the coils are wounded

toroidally and thus, the length of end-winding is non-negligible.

In general, HSPM motors are designed under 120° electrical
brushless DC operation mode. Therefore, the copper loss is
given by

P :2]2,0. a @ el7 s (6)

where 14, peu, Ny and Acona depict the amplitude of phase current,
the resistivity of copper, the number of series turns per phase,
and the cross-section area of conductors, respectively. Since the
copper loss equals to (Pjimit - Pr.), the amplitude of phase current
is given by

(P

imit

P, )A,
fe ) cond (7)
2P0, (I, +1 )N,

and the electromagnetic torque (7e»)is obtained as
T, =2DINk,B,I

w-gha

(Plimit - Pfe)Amnd (8)

=2B,(D, -1 )] Nk,
R FPTETAT)

where /; and B, depict the air-gap length and the maximum
air-gap flux density. B, can be calculated by [8]

gle_ ®
R s ea——rs
B _ m i (Rl —lg/Z) (9)

¢ R’ R’ R’ R’
1+F 1_R2 +)Ur I—P 1+R2

where B, and u. are the remanence and relative recoil
permeability of the magnet. R;, R,, and R, denote the stator
inner radius, the rotor outer radius, and the shaft outer radius,
respectively.

As mentioned before, equation (3), the frequency and By, are
the main factors to the calculation of the stator iron loss.
According to equation (2), stator iron loss also depends on
stator core volume, which can be calculated by

B,4,=B,4, (10)

where Ag and A, are the air-gap area and the permanent magnet
area, respectively.

For the 6s/2p PM motor, the stator tooth width is the same as
the stator yoke height [22]. Therefore, the stator tooth width (w)
and the stator yoke height (4,) can be calculated by B, and By
according to equation (10) and (11)

(R -1,/2)B,

t 1
7Z'Bf€

Then, with a fixed packing factor and the same inner and
outer slot areas, the cross-section area of conductors (Ac.nq) can
be calculated. Therefore, the electromagnetic torque can be
presented as a function of the split ratio (1) and Bp, and
equation (8) can be rewritten by

(12)

T, =2Nk,, /QMN,B,» (13)
where
S(4,By)
And(A:B) (14)

=(AD,-1,)B,(2) P.(4.By,)

limit

l,+1,(1,B,)

For a given By, the optimal SR for the maximum average
torque can be obtained by

(A
a0 0 (15)
Fig. 3 depicts the effects of SR and By, on the average torque.
It can be observed that for each By, the torque increases at first
and then drops with the grow of SR. The same trend can be
observed for the relationship between the maximum average
torque and By. Therefore, with an optimal combination of SR
and By, the maximum average torque can be achieved. Fig. 4
shows the variations of FE and analytically predicted average
torques with SR under the optimal B (1.2T). The results
predicted by FE and analytical methods have a good agreement
in optimal SR and only a slight difference exhibited in the
average torque.
As mentioned before, the stator iron loss is considerably
large due to high frequency, and thus the effect of the
considered stator iron loss on the optimal SR is analyzed in this
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section. Fig. 5 depicts the effect on average torque with SR by
considering and neglecting stator iron loss. It is clear that
compared with considering copper loss only, the considered
stator iron loss decreases not only the optimal SR but also the
maximum average torque. With the fixed stator loss, the
considered stator iron loss leads to the reduced copper loss, thus
the reduced electric loading and maximum average torque. In
addition, the influence of stator iron loss on the optimal SR can
also be verified by FE method, Fig. 14, and the analytical and
FE predicted torques have a good agreement. Table II shows
the optimized design of the 6s/2p TWHSPM motor.

TABLE II
OPTIMIZED PARAMETERS OF MOTOR WITH TOROIDAL WINDINGS

Optimal split ratio 0.3 Inner tooth width (mm) 54
Maximum iron flux .

density (T) 1.2 Inner tooth height (mm) 10
Stator inner radius (mm) 8.1 Stator yoke height (mm) 54

Magnet thickness (mm) 4.05  Slot ratio 0.5
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Fig. 3. Relationship between average torque and SR with different By.
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Fig. 5. Variation of average torque with SR by analytical and FE methods
(Br=1.2T).

IV. INFLUENCE OF DESIGN PARAMETERS ON OPTIMAL SPLIT
RATIO

A. Influence of Slot Ratio

In section III, the inner and outer slot areas are assumed to be
the same. However, the outer slot area usually is designed to be
larger than the inner slot area for the forced-air cooling
requirement. Thus, the slot ratio (K,), i.e. the ratio of inner slot

to total slot areas, is introduced to determine the influence of
the unequal inner and outer slot areas on the optimal SR, Fig. 6.
It should be noted that during the variation of the slot ratio,
different inner and outer slot areas lead to different packing
factors. Since the packing factor in the smaller slot area is larger
than that in the larger slot area, the required packing factor is
employed in the slot with smaller area and the packing factor in
the slot with larger area can subsequently be calculated.

Outer slot area

Inner slot area

Fig. 6. Inner and outer slot areas of the 6s/2p TWHSPM motor.

Slot ratio should be taken into consideration since it affects
the stator iron volume, which will be resulted in the calculation
of stator iron loss. Although different slot ratios lead to
different end-winding radial lengths, the influence of the
copper loss of end-winding radial lengths on the optimal SR is
very small considering stator iron loss. Therefore, the torque
calculation can be rewritten as

1
T =2l Nk |——f(1,B,
om = 2L N “'1’2prSf( .B.) (16)
where
S(4,B,)
Ana (A, B) (17)
=(AD,-1,)B,(A) |—x 2%~ [p _P (A,B,
( o g) g( ) lg+lg(jf,B_-e) limit /e( > /e)
and
k,(K,<0.5
Ao =] b o ) (18)
4, k, (K,>0.5)

With the given By and K., the optimal SR can be obtained by
o)

o0 0 (19)

It is assumed that the B is fixed as 1.2T, which is the
optimal value when the slot ratio is 0.5. Fig. 7 shows the
variation of average torque with SR under different slot ratios.
It can be seen that for each given slot ratio, the average torque
increase at first and then drops with the SR grows, which means
the optimal SR for maximum torque can be achieved. Fig. 8
depicts the effect of slot ratio on the maximum average torque
and optimal SR. It shows that with a fixed By, the increased slot
ratio decreases the optimal SR linearly and the maximum
average torque can be achieved when the slot ratio is 0.5. The
results can be explained by the active slot area, as shown in Figs.
9 and 10. The motor with K,=0.5 has the largest active slot area
and thus it has the largest average torque, Fig. 9. For the
optimal SR, the differentials of active slot area curves against
SR are shown in the Fig. 10. It depicts that the differential
values increase when the slot ratio increases, and thus the motor
with larger slot ratio obtains smaller optimal SR. It should be
noted that the slot ratio also affects the total slot area, which
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leads to the different active slot areas between K,=0.1/0.9,
0.3/0.7, Fig. 11.
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Fig. 7. Relationship between average torque and SR under different slot ratios
(Bi=127).
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B. Influence of Maximum Stator Iron Flux Density

As stated in Section I11, the maximum stator iron flux density
By, has important influence on the stator iron loss, which affects

the optimal SR with fixed the stator loss. In order to investigate
the effect of the B, on the relationship between optimal SR and
slot ratio, different By are selected. Figs. 12 and 13 show the
variation of average torque with SR under different slot ratios
when the By, is 0.9 T and 1.5T, respectively. It is clear that the
maximum average torque can also be achieved when the slot
ratio is 0.5. Fig. 14 depicts the influence of By and slot ratio on
optimal SR. It shows that for any given By, the optimal SR
drops with the increase of slot ratio. When By, is larger than 1,
the influence of K, on the optimal SR is significantly large, i.e.
large variation range of optimal SR. When B is less than 1, the
influence of K, on the optimal SR is relatively small, i.e. small
variation range of optimal SR, Fig. 14. Therefore, the optimal
SR of the case of By larger than 1 is sensitive to the slot ratio,
and that of the case of By, less than 1 is relatively insensitive.
Fig. 15 depicts the relationship between maximum average
torque and slot ratio under different By. It indicates that for any
given By, the peak value of the maximum torque can be
achieved when the slot ratio is 0.5. In addition, the maximum
torque difference between different Br decreases with the
increase of slot ratio, when it is larger than 0.5. However, when
the slot ratio is smaller than 0.5, the optimal By for the
maximum torque rises with the decreases of slot ratio.
Therefore, considering the design of forced-air cooling channel,
i.e. the slot ratio less than 0.5, the relatively large By can be
selected for enhancing the torque capacity.
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Fig. 12. Relationship between average torque and SR (B,=0.9T).
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C. Influence of Tooth-tips

In the foregoing analyses, the motor employs straight tooth
without tooth-tips for simplifying manufacturing process.
However, the tooth-tips can reduce the leakage flux and
increase the phase inductance. Therefore, in this section, the
influence of tooth-tips on the maximum torque and optimal SR
will be investigated. The cross section of the 6s/2p TWHSPM
motor with tooth-tips is illustrated in Fig. 16. The active slot
area considering the tooth-tips can be given by

Now,

- ),

h2 Jrhtz +2hnuzht 7(Ds +Mjhnm 7(D.v +
g (20)

t

Nw D N
2 —2mh, e S gy ety
T 2 V4

where A, is the tooth-tip height.

Fig. 17 depicts when the slot ratio is 0.5, the effect of SR
under different B, with 1mm tooth-tip thickness on average
torque. The analytical and FE-predicted torques with and
without tooth-tips have a good agreement, Fig. 18. For a given
By, tooth-tips have almost no influence on the variations of
maximum torque and optimal SR with slot ratio, as shown in
Figs.19 and 20. Figs. 21 and 22 show the flux distributions and
torque waveforms of TWHSPM motors with different shapes
of tooth-tip, such as parallel tooth-tip, round tooth-tip, and
tiered tooth-tip. It shows that the shape of tooth-tip has almost
no effect on the flux distribution, electromagnetic torque, and
torque ripple.

Fig. 16. Cross section of 6s/2p TWHSPM motor with tooth-tips.
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Fig. 21. Flux distributions of TWHSPM motors with different shapes of
tooth-tip. (a) Parallel tooth-tip. (b) Round tooth-tip. (c) Tiered tooth-tip.
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Fig. 22. Torque waveforms of TWHSPM motors with different shapes of
tooth-tip.

In summary, with the increase of slot ratio, the optimal SR
decreases linearly and the maximum torque increases firstly
and then decreases. With the increase of By, the optimal SR
becomes more sensitive to the slot ratio. When the slot ratio is
less than 0.5, the relatively large By is better for torque
enhancement. In addition, the tooth-tip has almost no influence
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WINDING

on the relationship among optimal SR, maximum torque, slot
ratio, and By.

V. EXPERIMENTAL VALIDATION

In this section, some of predicted results are verified by the
measured results of 6s/2p TWHSPM prototype motor with 0.5
slot ratio. Fig. 23 indicates the stator structure of the prototype
motor, the shaft-bearing-blade system, the forced-air cooling
system, and the house structure.

Table III provides the value of phase resistance and winding
inductance of the prototype, which are measured by a LCR
meter. Due to manual winding, the extra end-winding length
(Lex) is set to be 1.5mm, the analytically predicted resistance has
good agreement with the measured result (1Hz). It should be
noticed that the measured resistance under high frequency
(1833Hz) is substantial larger than that under low frequency
(1Hz), this means the AC copper loss of toroidal windings is
large under high frequency. However, it can be avoided by
Litz-wire and is ignored in the previous analysis. In table III,
since the 2D-FE model provide an ideal winding inductance
which neglecting end-winding inductance, the FE predicted
value is smaller than the measured winding inductance. Due to
skin effect, the measured inductance drops when the frequency
increases.

Fig. 24 shows the analytically predicted, FE computed, and
measured back-EMF's of phase A in the prototype motor at 11
krpm. It can be seen that the FE predicted and measured results
have a good agreement but the analytical prediction is slightly
larger due to neglecting the flux leakage caused by straight
tooth without tooth-tips. The static torque is measured by a test
rig in this paper since it is difficult to measure the torque under
high speed operation in general [28], Fig. 25. The test results
show that the measured open-circuit static torque, i.e. cogging
torque, is almost zero, which is the same as the predicted result.
The measured on-load static torque has a good agreement with
the FE predicted result, Fig. 26. With the phase current rises,
the maximum static torque increases linearly, and the measured
maximum static torques have a great agreement with the FE

© )
Fig. 23. Prototype of the 6s/2p TWHSPM motor. (a) Stator. (b)
Shaft-bearing-blade system. (c) Forced air cooling system. (d) House.

calculations, Fig. 27. The measured phase current and terminal
voltage waveforms of the prototype motor at 110 krpm are
shown in Fig. 28. In addition, Fig. 29 shows the prototype
motor operates at 120 krpm which above the rated speed.

TABLE III
PREDICTED AND MEASURED WINDING RESISTANCES AND INDUCTANCES
Resistance (mQ) Inductance (uH)

. Measured | Measured . Measured | Measured
Predicted | 15, | (183 ki) | PO | U Ey) | (1.83kHR)
40.05 44.16 72.80 19.5 26.32 23.16

45
Measured

30 A X FE
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Fig. 24. Back-EMF of phase A of FE calculated, analytical predicted, and
measured in the 6s/2p TWHSPM motor at 110 krpm. (a) Waveforms. (b)
Spectra.

Fig. 25. Static torque measurement test rig.
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Rotor position (Elec.Deg.)

Fig. 26. Measurement and FE predicted open-circuit and on-load static torques
under the phase currents of [, =-Iz =5 A, I-=0A.



350

Fig.

CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 4, DECEMBER 2022

60

——FE O ANA A Test

40 4

20 4 Q

Static torque (mNm)
o]

0 2 4 6 8 10
Phase current (A)

27. Maximum measurement and FE predicted static torques with various
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28. Measured phase current and terminal voltage waveforms of the 6s/2p

TWHSPM motor at 110 krpm, i.e. /=1.83 kHz, with speed control (10.0V/div;
20.0A/div; Uz =25.2V).
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29. Measured phase current and terminal voltage waveforms of the 6s/2p

TWHSPM motor at 120 krpm, i.e. /=2.00 kHz, with speed control (10.0V/div;
20.0A/div; Uz =25.2V).

VI. CONCLUSION

In this paper, the optimal split ratio of the 6s/2p TWHSPM
motor has been investigated by analytical method considering
stator copper loss and iron loss, and validated by FE method.
Meanwhile, the influences of slot ratio, By, and tooth-tips on
optimal SR are investigated. It depicts that the maximum torque
can be achieved when inner slot areas equal to outer slot area,

i.e.
SR

slot ratio is 0.5. When the slot ratio increases, the optimal
decreases, and the results are affected by Br. Some of the

analytical predictions have been validated by FE method and
experiments.
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