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Abstract

This paper proposes a solution to enhance the torque production capability of Permanent
Magnet Synchronous Machine (PMSM), utilizing not only the unused space resulting from
the stator end windings on the rotor side, but also the otherwise unused space around
the winding on the yoke side. By implementing an additional axial rotor equipped with
Permanent Magnets (PMs) in both rotor and yoke sides, the proposed design technique
increases the PMSM torque output, taking advantage of the useless space on the yoke side.
In the proposed configuration, one magnetic flux path circulates between the PMs on the
rotor (rotor side) and the stator, while an additional flux path circulates between the PMs
positioned on both sides of the stator end windings. These two flux paths contribute to gen-
erating a stronger and more effective magnetic field within the machine than conventional
structure, resulting in increased torque density. A magnetic equivalent circuit (MEC) model
of the proposed design is developed, and its accuracy is validated through Finite Element
(FE) analysis. For a fair evaluation, the proposed structure is compared with a conventional
configuration using the same volume of PM material. Furthermore, optimization of the
proposed design is carried out to maximize Torque/PM.

Keywords: permanent magnet synchronous machine; axial-assist magnets; torque enhancement;
stator end windings; yoke side

1. Introduction

To date, several methods have been proposed to improve torque production and
reduce the torque ripple. In [1], the rotor’s edge shape is optimized using the third harmonic
principles to boost torque production. Similarly, in [2,3], the PM shape is modified to align
with the third harmonic waveforms along the radial axis, leading to higher average torque
and lower torque ripple. The use of sinusoidal and the third harmonic-shaped PMs along
axial axis, as documented in [4,5], may help reduce torque ripple and cogging torque while
achieving a more sinusoidal voltage waveform. Additionally, combining sinusoidal and the
third harmonic shaping techniques along the radial axis, as explored in [6,7], may reduce
surface torque ripple while maintaining high output torque. Another effective solution
to enhance torque density is the use of Halbach array PMs as documented in [8]. Similar
approach is extended to coaxial, axial, and linear magnetic geared machines in [9-12].

Dual-stator structures offer several advantages. First, they allow for better distribution
of the magnetic field, which enhances torque production. Second, the use of two stators
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helps balance the torque more effectively, leading to smoother operation. Third, this design
makes more efficient use of the available motor space, often enabling more compact designs
while still achieving high performance [13,14].

The PMs extension along the axial axis—known as the overhang structure—enhances
the torque deliver, as documented in [15-17]. In this configuration, the overall size of the
motor remains unchanged, but additional PMs are placed along the rotor’s axial axis to
strengthen the magnetic field. This design utilizes otherwise unused space in the machine,
which exists due to the stator’s end windings. In the conventional (non-overhang) structure
of a PMSM, the airgap is uniform. However, in the overhang structure, implementing
axial PMs alters the airgap in the overhang section depending on its length. Although this
structure increases magnet utilization, it also results in a larger airgap.

To enhance the torque output and improve the operational flexibility, a Radial-Axial
Brushless Hybrid Excitation Machine (RA-BHEM) is proposed and studied. The machine
integrates both radial and axial magnetic circuits, featuring a radial stator with armature
windings and an axial stator with AC excitation windings. This configuration allows
for independent control of excitation without brushes or slip rings, significantly improv-
ing system reliability. The hybrid excitation—consisting of PMs and controllable axial
excitation—enables flexible flux regulation to enhance torque performance [18].

The airgap flux density of a hybrid flux PMSM is enhanced by combining the radial
and axial flux paths and using integrated windings. An overhang PM structure and
additional magnetic cores are also added to further improve power density. The machine’s
stator and rotor both include axial and radial components. The stator cores are laminated
in directions matching their respective flux paths and are combined into a single structure,
with integrated coil windings placed in the unified stator slots [19].

Extending the PMs along the axial direction—commonly referred to as the overhang
structure—enhances torque performance, as reported in [15-17]. In this configuration,
the overall size of the motor remains unchanged; instead, PMs are added to the rotor’s
axial end to boost the magnetic field. This approach takes advantage of the unused
space in the machine, typically resulting from the stator’s end windings [16,20,21]. In
conventional (non-overhang) PMSM designs, the airgap is uniform. However, in the
overhang structure, adding axial PMs changes the airgap size in the overhang area based
on how long the overhang is. While this improves magnet utilization, it also leads to an
increase in the airgap.

A synchronous machine with doubly salient structures and PMs embedded in the
stator yoke have been developed in [22]. In that design, the stator incorporates PMs in a
special configuration, while the rotor remains unchanged, resulting in an increased torque
density. The magnet is implemented in stator yoke; however, in the proposed structure, the
stator configuration remains unchanged, and instead, the otherwise unused space caused
by the stator end windings—on both the rotor and yoke sides—is utilized. This unused
space is often neglected in conventional designs, and the present work aims to address
this limitation.

To calculate the no-load back-EMF of the machine, several studies have employed
the magnetic equivalent circuit (MEC) model for both Surface PMSMs and Interior
PMSMs [16,17,21,23-26]. In [16,17,21,24-26], the rotor features an overhang structure,
and the MEC model is developed to achieve accurate back-EMF results in comparison with
FEM simulations.

In this paper, a novel axial overhang structure is proposed, which utilizes both sides
of the stator end windings—toward the rotor side and the yoke side. By placing PMs
in these regions, the airgap magnetic field is intensified, leading to increased induced
voltage and, consequently, higher torque. The performance characteristics of the proposed
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structure, including torque and back-EMF voltage, are analyzed through Finite Element
(FE) simulations. Additionally, a MEC model is developed, and its results are compared
with those obtained from FE analysis to validate the accuracy of the analytical model.

2. General Topology

Figure 1 illustrates the flux path of the conventional model in the non-overhang section.
In this figure, color lines can be described as the following [25]:

*  The blue line represents the flux passing through the magnet and rotor. The blue flux
path (¢r) corresponds to the reluctance shown in blue (Ryr).

¢ The purple line in Figure 1a represents the flux flowing between the magnets, the
airgap, and the rotor core. The purple flux path (¢, in Figure 1a) corresponds to the
reluctance shown in purple in Figure 1b(R ;).

¢ The green line represents the flux flowing between the magnets on the same side of
the rotor, the stator core, and the rotor core. The green flux path (¢,) corresponds to
the reluctances shown in green (R, Rsy, and R;y).

(b)

Figure 1. XY-plane cross-section of the PMSM structure for (a) non-overhang section and (b) reluctance

of the area.

In this paper, a novel axial overhang structure is proposed, which takes advantage
of both sides of the stator end windings—toward the rotor side and the yoke side—as
illustrated in Figure 2. In this design, an axial rotor is added to the conventional non-
overhang structure. The axial rotor contains two sets of PMs: one on the rotor side and one
on the yoke side, both magnetized in the axial direction.

The flux path of the rotor side PMs is shown in purple and circulates through the rotor
side PMs, the rotor core, and the stator core. The yellow flux line represents the magnetic
path involving both rotor side and yoke side PMs, passing through the rotor side PMs,
rotor core, yoke side PMs, and stator core. The third type of flux path, shown in black,
corresponds to the magnetic flux generated by the PMs in the non-overhang (conventional)
section, passing through the radial PMs, radial rotor core, and stator core.

These flux lines are all aligned in the same direction within the airgap, meaning they
reinforce one another and collectively increase the airgap flux. As a result, the back-EMF
and torque of the machine are significantly enhanced.

The proposed PMSM machine is shown in Figure 2a which has two rotors, axial rotor
(Figure 2b) and radial rotor. It should be noted that the magnetization direction of the
PM in the axial and radial rotor should be axial and radial, respectively. The main design
parameters are listed in Table 1.
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Table 1. Design Parameters.

Top view stator side
(d)

Figure 2. PMSM machine. (a) Whole configuration with PM magnetization directions. (b) Axial rotor

with PM magnetization directions. (c) Effective flux lines. (d) Flux lines in FEM simulation.

Parameters

Dual-Stator PMSM

Axial length (mm)
Overall radius (mm)
Radial airgap length (mm)

Axial airgap length adjacent to inner PM (mm)
Axial airgap length adjacent to outer PM (mm)

No. of phase

No. of stator slot

No. of pole pairs

No. of conductor

Inner rotor PM width (mm)

Outer rotor PM width (mm)

Rotor PM height (mm)

Radial rotor PM outer radius (mm)
Radial rotor PM inner radius (mm)
Axial rotor core height (mm)

Axial rotor core width (mm)

Axial rotor core inner radius (mm)
Axial rotor core outer radius (mm)
Axial rotor inner PM inner radius (mm)
Axial rotor Outer PM outer radius (mm)
Magnet Flux Density

Core material

40
82
0.5
0.5
0.5
3
36
3
50
0.6
1.1
0.6
52
48
14
4
52.5
74
52.5
74
1.07T
steel 1010
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According to the flowchart presented in Figure 3, the proposed MEC model is imple-
mented in this study as follows:

1.  The magnetic flux in the non-overhang section of the conventional PMSM is calculated
using the MEC model, and it is shown as the black line in Figure 2¢ (black window in
Figure 2d).

2. The magnetic field of the axial overhang flux is analyzed based on the proposed MEC
model, and its corresponding magnetic field is depicted by the yellow and purple
lines in Figure 2c (yellow and purple window in Figure 2d).

3. The combined model is applied to account for the effect of the stator tooth, as refer-
enced in [16].

Initial Parameters

MEC Model

Y

Non-Overhang Flux Calculation

MEC Model

v

Axial Overhang Flux Calculation

Combined Model

v

Average Overall Flux

Figure 3. Flowchart of the magnetic field calculation in the proposed machine.

Figure 4 illustrates the side view of the proposed structure from the X-Z cross-section.
It also highlights the flux path, which is essential for constructing the MEC model. Figure 5
illustrates the MEC of the conventional PMSM, where the magnetization direction of the
PMs is radial. In the proposed structure, an additional rotor is introduced, with the PMs
magnetized axially. This axial magnetization reduces the effective airgap compared to the
conventional overhang design. The MEC model of the proposed structure is presented in
this section and is depicted in Figure 6.

Rmao
RTﬂD
Y
Ripai Overhang part 2
lmao
h1l Overhang part 1
e Ya R,
Ry
Stator lir gap Rotor
lso 9o Lo R,

Figure 4. Modeling of the magnetic flux in the airgap between the stator core and overhang parts
(Half of the motor’s cross-sectional view along the x-z axis).
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Figure 5. The MEC model of the proposed model in the (a) non-overhang section [21] (radial rotor
section) (b) with neglected stator and rotor reluctances.
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Figure 6. The MEC model of the proposed configuration in the (a) axial rotor structure (b) with
neglected stator and rotor reluctances.

B nocp<Rr+Rm> B n(l—ocp)<Rr+Rm)
Wir = ——\ — |+ Wiy = ,

p 2 P 2
I mxp<Rs+Rm> por = n(l—ocp)(Rs+Rm)
mor — ’ or — /
2 2
p p (1)
W — Tw‘r’(Rrai + Rmai) Weat = ﬂ(l — “P)(Rmi + Rmai)
mar — ’ ar — 7
p 2 p 2
_ Tp Ryao + Rimao _ 7T(1 B D‘p) Ryao + Rimao
Wmay = 7 ) Way = p 2

The reluctance of the flux path of the MEC model of the radial rotor (non-overhang
section) is shown as follows [16]:

The reluctance corresponding to ¢¢r (Rgr), shown in Figure 1, and Ry, can be calcu-
lated using the fundamental equation of magnetic reluctance. The fringing effect in R, is
also taken into account by adding the length 2¢, to w, in the calculation of R¢ [23].

Qo
Ry = 2
§ Vo(wmor + Zgo)lst @
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l
Rior = = (3)
,uo,urwmirlst
The expression for R+ and R,y can be derived by first calculating its permeance.
Among the available approaches, the circular-arc straight-line permeance model is one of

the most effective techniques for modeling flux in an airgap and is used here to calculate
Ryrr and Ry [23].

7T
R = 4
" ol In(1+ 52 @
7T
Ry = (5)

polst In(1 4 752)

lmn

In the axial rotor, Ré and R’g’ are the same as those in the non-overhang section, with
the fringing effect also taken into account. Similarly, R},, and R}, can be calculated using
the fundamental equation of magnetic reluctance, as in the non-overhang section. The
permeance models for the magnet-to-magnet paths (R}, and R},,,,) and the magnet-to-rotor
paths (R}, and R};,,) in the axial rotor are also the same as those in the non-overhang section,
except that the radial parameters are replaced with the corresponding axial parameters.
Then, the reluctance of the MEC model of the axial rotor in the outer and inner sections is
shown as follows:

R, = LL 6

g VO(wmai + zga)lmui (©)
h

Rppp = ——1 )

HoMrWinailmai

7T

Riur = polmai In(1+ 754 ®
Mmzm%mﬁ+$p ¥
R = ol T30 (10

R = Fafroam =
R%_mwm$+ﬁﬂ 12
B = Holmao 1n7(T1 + 28 4

Wray

The end effects resulting from the leakage flux between the magnet and the rotor
end can be neglected in non-overhang SPM machines. However, these effects become
significant when an overhang structure is adopted [16]. Therefore, the reluctance associated
with this flux is calculated as R},,,, and similar as R/},,,..
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Here, the designations distinguished by the index * (single prime) indicate the rotor
side reluctances, while those distinguished by the index “’ (double prime) indicate the yoke
side reluctances, respectively.

70/2(hy 4 30 — 32)

R =
ﬂmeaidZ

(14)

71/2(hy + 3lya0 — 32
R1/1/’lre = ( ! e ) (15)

The stator and rotor core reluctances in the non-overhang section, Ry, and R,,, are
neglected as they are considered negligible [16]. For the same reason, the reluctances R,
and R}, representing the rotor and stator core reluctances in the axial rotor on the magnet
side, as well as R} and R/, representing those on the yoke side, are also neglected.

To calculate the flux of the radial rotor, the MEC model is shown in Figure 5a. By
deriving the A matrix from the reluctances of the magnetic circuit, the flux of the radial
rotor can be calculated as follows [16]:

1 1
Gor = ’ G = ’
& ZRgr mer 2Rmor
1 1 16)
Gmrr = G =
mrr Ry ’ mmr Ry
G11 = G33 = Ggr + Gmor + Gmrr + Gmmr (17)

G2 = Gy = —Ggr,  Gi3 =Gz = —Gmmr,
Goo = 2Gygy, Goz = G3p = — Gy, (18)
G13 - G3l = _Gmmr

Gn G Gi3
A=1Gy Gp Gy (19)
Gs1 Gz Gas

In order to solve the magnetic circuit equations in the radial rotor, the flux density of
the PM should be considered. The nodes F1, F2, and F3 are shown in Figure 5, and the
formulation is given as follows [16]:

@rr = ByilstWmir (20)

F1
F=|F2 (1)
F3

4977 /2
0 (22)
_47” /2

¢

Then, the flux density of the radial airgap is calculated as follows [16]:
AF=® (23)

In this study, to calculate the flux of the axial rotor, a magnetic circuit for the axial
rotor is proposed. As shown in Figure 6a, to analyze the magnetic circuit, the A’ matrix is
constructed as follows:
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1 1 1
GL=:mr, Gho=s0— Ghw= 5
2R’ M T 2R, ™ R,
1 1 1
Gll’nm = R/ ’ Grlnre = Rl ’ Gg = TR”’
mm mre g 24)
(
G - 1 "o i G - 1
mo 2R1/1//m mr R]/q//”’ mm R;;lm’
1
G —
e Rgﬂ'e
Gil = GéB = Gé + Gll'no + G;nr + G1/'1'1nr1 + G1/'1'1re (25)

Giz = Gﬁl = *Gg,;r Gi?) = Gél = *G;nmf
Géz = ZG/g + ZGé, G§3 = ng = —Gé, (26)

"o~ "o~
Gl4_G41_O' GlS_ 51_0

4 = G55 = Gy + Gno + e + G + Gnre (27)
= Gy =—GCy Gis =G5y = Gy

(28)
n_gh—_g"
25 52 g

/ / / " "
11 Glz G13 G14 G15
/ / / " "
, GZl G22 G23 G24 G25
— / / / " "
A= GSl G32 G33 G34 G35 (29)
" " " " "
G41 G42 G43 G44 G45
G5 G G Gsy Gss

As shown in Figure 6b, in the axial rotor, the effects of the flux from both the inner and
outer PMs should be considered to calculate the flux density in the axial airgap. The fluxes
of the inner and outer PMs are formulated as follows:

q);, = B;, lmai Wmair q)y - B;/ lmao wmay (30)

F'1
F2
F=|F3 (31)
F'4
F"5

9//2
0
o= -¢/2 (32)
Y /2
— ;//2

Then, the flux density of the axial airgap is calculated as follows:
A F =9 (33)

From the MEC model, the average magnetic flux density must be determined for
two sections:
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*  Non-overhang (Equation (23)).
*  Axial overhang (Equation (33)).

After determining the average flux density, the final step involves incorporating the
combined model [16] to account for the effects of the stator slots.

3. Results

As shown in Table 2, the proposed MEC model is validated through FEM using
different parameter values of the machine, which provides the advantage of saving both
energy and time. This efficiency ensures that the design of the proposed structure requires
significantly less time.

Table 2. Computation time and peak values of the no-load back-EMF calculation for the synchronous
machine with the proposed and conventional overhang structures using the proposed model and 3D
FEM (Computer configuration: 64 GB RAM, Core i9 3.20 GHz CPU).

h1 (mm) Lyai (mm) Liao (mm) Proposed Model (V) 3D FEM (V)
4 1 1 18.71 18.86
4 1 2 18.83 18.71
4 2 1 19.10 19.25
4 2 2 19.35 19.06
8 1 1 18.74 18.91
8 2 1 19.14 19.29
8 1 2 18.85 18.71
8 2 2 19.40 19.15

The back-EMF waveform of a surface PM motor is obtained from the no-load flux
density distribution and the armature winding distribution, as explained in [27]. The
back-EMF voltages of the proposed MEC model and the 3D FEM over time are shown in
Figure 7, demonstrating that the two curves closely match each other.

20 K sataceceniiioddtiee e 3DFEM
2 o A proposed MEC
~ 10 .‘ﬂ w “A
Z N ®
= i
& 2
B
2 Q
m
-10 anvev” Shrngs
2 °
a
-20 e "
0 20 40 60 80 100

Time (ms)
Figure 7. Back-EMF of 3D FEM and proposed model based on time (h; = 4 mm, /,;;; = 1 mm,

lmao=1 mm).

As shown in Figure 8, the overhang height has a greater impact on the torque per PM
volume compared to the radius of the PMs on both the rotor and yoke sides.
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20 Outer P Width = 1.0 mm 20 Outer PM Width = 2.0 mm
1488
~1.8] 1.8 ~
g 14.72 €
= &
£ 1.6 1.6 14-56?;
; ; 14.40 &
= 1.41 1.4 14.2420

Q !

E 1.21 121 14.08%
| 13.92 &
1.0+ “ 1.05 S
4 5 6 7 4 5 6 7 8 13.76

Overhang Height (mm)

Overhang Height (mm)

Figure 8. Torque per PM versus overhang inner radius (rotor side), outer radius (yoke side), and

height (stator current =1 A).

According to the flowchart presented in Figure 9a, the proposed structure is optimized

as follows:

Start |

| Design considerations and machine parameters using FEM |

| Determination of the stator current |

|

| Determination of the axial rotor PM thickness (rotor side) |<-

| Determination of the axial rotor PM height |

| Determination of the axial rotor PM thickness (yoke side) |
No
Yes
Exit
(a)
7
30 - o
_ EE 756 o -
£ z
z20 <
< . S 754
B & °
) 2
&
10 2752
= °
0 7
X 0. X 12 T4 X T. 2.
0 5 10 15 20 25 30 35 40 06 $ 0 Tt (mim) 6 8 0
mai
Current (A)
(b) ()
770.0 7
_ 7615 ~T68 °
E E
E765.0 E 766
g 26205 ° &
= 762 s o °
& L £ 762
£7600 - Bl .
5 . g 760
s =
a
758
5056 038 10 12 14 6 8 20 00 02 04 06 08 0 12 14 6

" Axial rotor height (mm)

(d)

o (mm)

(e)

Figure 9. (a) Optimization flowchart of the proposed machine; (b) Torque—current curve with knee
point at 25 A; (c) Torque versus axial rotor PM thickness on rotor side; (d) Torque versus axial rotor
PM height; (e) Torque versus axial rotor PM thickness on yoke side.
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To determine the knee point of the stator current, Figure 9b illustrates that the knee
point of the torque-stator current curve occurs at 25 A.

As shown in Figure 9c, the torque-to-PM ratio of the machine is maximized when the
PM width on the inner side of the rotor is 1.1 mm.

In this step, as shown in Figure 9d, the height of the axial rotor is determined based
on the torque-to-PM ratio. Accordingly, the height is selected as 0.6 mm.

In the last step, as it is shown in Figure 9, the PM width on the yoke side of the rotor
is 0.6 mm.

As shown in Figure 10, the torque comparison in 1 A and 25 A, among the non-
overhang structure (magnet width increased from 4.2 mm to 4.6 mm), the conventional
overhang structure (magnet width increased from 4.2 mm to 4.6 mm with a magnet over-
hang length of 0.1mm to 0.6 mm), and the proposed structure (inner rotor PM width of
0.6 mm, outer rotor PM width of 1.1 mm, and rotor PM height increased from 0.6 mm to
6 mm) as a function of PM volume demonstrates that the proposed structure achieves a
higher torque/PM than its counterparts within the magnet-volume range.

@dial ro@

L X
Magne Y

M N 1 B
Magnetization direction Magnetization direction |
\\ ; / \\\ /i
- Stator pr .o Stator /,//
(a) (b)
—— Conventional overhang — 25 A —— Proposed structure —25A  ---= Non-overhang — 1 A
Non-overhang—-25A - Conventional overhang — 1 A Proposed structure — 1 A

' 1000

E 975

£

Z

) 950

£

£ 925

o

>

~ 900

g

o

S 875 j j j ; |

42 44 46 48 50
PM Volume (cm?)
(c)

Figure 10. PMSM configuration with (a) non-overhang, (b) conventional overhang, and (c) torque
comparison between the conventional overhang and non-overhang and proposed structure versus
the PM volume at different current levels.

The analysis of the proposed structure in terms of efficiency, power factor, losses,
torque ripple, core loss, flux linkage, and back-EMF is presented in Figure 11.

The back-EMF waveforms of the structures for PM volumes of 4.26 x 1075 (Case 1)
m? and 4.33 x 107> m? (Case 2) are presented in Figure 11g. As shown, the amplitude
of the main harmonic of the back-EMF in the proposed machine increases with the PM
volume. Moreover, for the same PM volume, the proposed structure achieves a higher main
harmonic of the back-EMF compared to both the non-overhang and overhang structures.

As shown in Figure 11f, the flux linkage of the proposed machine increases with the
PM volume. Moreover, for the same PM volume, the proposed structure achieves a higher
flux linkage than both the non-overhang and overhang structures.
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Figure 11. (a) Torque ripple and efficiency versus current. (b) Mean torque and whole loss versus
current. (c) Torque ripple/mean torque and power factor versus current. (d) Core loss and eddy
current loss versus current. (e) Flux linkage versus time. (f) Detailed flux linkage versus time.

(g) Back-EMF voltage versus time.

Table 3 shows the cogging torque of the proposed machine in comparison with other
counterparts for the same PM volume.

Table 3. Comparison of cogging torque among different structures at different PM volumes.

Structure PM Volume (m?) Cogging Torque (mNm)
Non-overhang 426 x107° 628
Conventional overhang 426 x 107> 692
Proposed structure 426 x107° 740
Non-overhang 433 x107° 665
Conventional overhang 433 x107° 727
Proposed structure 433 x107° 765
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4. Conclusions

In this paper, PMs are integrated into an axial rotor to utilize the otherwise unused space
on both the rotor side and the yoke side near the stator end windings. By strategically placing
PMs on both sides of the stator, an effective magnetic flux path is formed, resulting in a stronger
magnetic field. This enhanced field interacts with the stator’s electromagnetic field to produce
greater torque. The proposed structure is compared with a conventional design using the same
volume of PM material, demonstrating the advantages of the new configuration. Additionally,
a magnetic equivalent circuit (MEC) model of the machine is developed and validated through
Finite Element (FE) analysis. The results confirm that incorporating the axial-radial rotor in a
PM machine increases the average airgap magnetic field, thereby enhancing torque performance.
Moreover, optimization of the proposed design is performed to enhance torque/PM , and the
analysis of the proposed structure in terms of efficiency, power factor, losses, torque ripple, core
loss, flux linkage, and back-EMF is also presented in this study.
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List of Symbols
B, Magnet remanence
0 Rotor angular position

Wmor  Outer arc width of each PM on the radial rotor

Wiy Inner arc width of each PM on the radial rotor

wg;;  Inner arc width between adjacent PM poles on the radial rotor
wsor  Outer arc width between adjacent PM poles on the radial rotor
Wi Arc width of each PM on the rotor side axial rotor

Wi Arc width between adjacent PM poles on the rotor side axial rotor
Wmay  Arc width of each PM on the yoke side axial rotor

Wy  Arc width between adjacent PM poles on the yoke side axial rotor

ap Magnet coverage ratio

P Number of pole pairs

R, Radial rotor radius

R Radial magnet radius

Rs Radial stator radius

Rygi Axial rotor radius at the rotor side

Ryao Axial rotor radius at the yoke side
Rz Axial magnet radius at the rotor side
Rimao  Axial magnet radius at the yoke side
gr Radial airgap length

Sa Axial airgap length in rotor side

Qe Axial airgap length in yoke side

lgt Stack length

Lo Radial rotor PM length

Lyai Axial rotor PM length in the rotor side
Liao Axial rotor PM length in the yoke side
hy Axial rotor PM height
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Ur Relative magnetic permeability
dz Derivative with respect to the z-dimension
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