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ABSTRACT: To address the inherent significant average torque degradation in conventional Axial Flux Permanent Magnet (AFPM) ma-
chines when the pole-shift method is employed for cogging torque suppression, this paper proposes a novel Elliptical-Cut Rotating Com-
pensated Halbach Pole Axial Flux Permanent Magnet (EC-RCHP AFPM) machine. The proposed machine suppresses cogging torque
via elliptically cut rotating poles and compensates for the induced torque loss by introducing dedicated compensating Halbach auxiliary
poles. First, the rotor topology of the proposed machine is presented, and an equivalent surface current model is established to elucidate its
operating mechanism. Second, sensitivity analysis and response surface methodology are adopted to investigate the correlation between
design parameters and performance responses, and the optimal parameter combination is obtained under given constraints. Finally, the
electromagnetic characteristics of the proposed machine are comprehensively analyzed through three-dimensional finite element analysis
(3D-FEA). The results demonstrate that compared with the conventional machine, the EC-RCHP AFPM machine reduces cogging torque
by 54.9%, increases average output torque by 1.8%, and lowers torque ripple to 6.12%, effectively resolving the fundamental trade-off

between cogging torque suppression and torque output retention.

1. INTRODUCTION

n recent years, the global energy crisis and environmental
Ipollution have become increasingly severe. As one of the
primary sectors responsible for energy consumption and car-
bon emissions, the transportation industry’s green transition has
emerged as a critical initiative for nations worldwide to achieve
their carbon neutrality targets. Benefiting from their inherent
zero-emission and high energy efficiency, new energy vehicles
(NEVs) are gradually replacing conventional internal combus-
tion engine vehicles and have become the mainstream develop-
ment direction of the global automotive industry [1]. With the
continuous advancement of NEV technology, drive motors are
subject to increasingly stringent requirements for high torque
density, high efficiency, and lightweight design to satisfy the
ever-rising vehicle performance standards [2, 3].

Among numerous motor topologies, axial-flux permanent
magnet (AFPM) machines exhibit superior torque and power
densities, shorter axial lengths, and more compact structures
than traditional radial-flux permanent magnet machines. They
have been successfully applied in a variety of high-end NEVs
and demonstrate broad application prospects [4]. Nevertheless,
AFPM machines inherently suffer from considerable torque
ripple caused by unbalanced axial magnetic force, which ex-
acerbates motor vibration and deteriorates vehicle ride com-
fort and control precision [5—7]. Consequently, how to effec-
tively suppress cogging torque while preserving the high torque
density and high efficiency of AFPM machines has become a
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prominent research hotspot and technical challenge in the field
of AFPM machine design.

To mitigate cogging torque in permanent magnet machines,
researchers have conducted extensive investigations and pro-
posed various effective suppression strategies, mainly includ-
ing pole-slot combination optimization [8], skewed pole and
slot techniques [9], and stator slot opening optimization [10].
Among these strategies, the pole-shift method has attracted
widespread attention owing to its advantages of simple struc-
ture, no requirement for stator modification, and ease of en-
gineering implementation. Ref. [11] proposed and designed
a novel stator semi-skewed slot method utilizing an inclined
laser cutting process, which reduced design costs and improved
motor operational efficiency. Ref. [12] presented a novel ro-
tor skewed pole design method based on a multi-objective op-
timization algorithm to suppress specific vibrations in modu-
lar dual-three-phase permanent magnet synchronous machines.
Ref. [13] developed a segmented model to address the ad-
verse effects caused by the uneven axial distribution of vibra-
tion modes, which significantly enhanced the evaluation accu-
racy of rotor skewed pole schemes. However, the conventional
pole-shift method inevitably leads to a substantial reduction in
the average output torque of the machine while suppressing
cogging torque, which severely limits its application in high-
performance drive scenarios [14, 15].

To boost the output torque of permanent magnet machines,
Halbach permanent magnet arrays have been extensively em-
ployed [16] due to their remarkable unilateral magnetic focus-
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FIGURE 1. Machine topologies. (a) Stator structure of three machines, (b) CAFPM rotor, (c) EC-RP AFPM rotor, and (d) EC-RCHP AFPM rotor.

ing effect achieved through the special arrangement of perma-
nent magnets. Ref. [17] proposed a combined Halbach array
suitable for YASA-type AFPM machines, which effectively im-
proved the torque density and permanent magnet utilization of
the machine. Ref. [18] designed and analyzed a magnetic gear
reducer adopting a Halbach permanent magnet array, and the
proposed novel magnetic gear structure significantly enhanced
the output torque density.

Aiming at the inherent contradiction between torque loss and
cogging torque suppression caused by the conventional pole-
shift method, this paper proposes a novel AFPM machine based
on elliptically cut rotating Halbach poles. Compared with the
conventional machine, the proposed machine reduces torque
ripple while moderately improving the output torque. The main
contributions of this paper are summarized as follows:

1) An Elliptical Cut Rotating Pole Axial Flux Permanent
Magnet (EC-RP AFPM) machine is proposed. Compared with
the conventional AFPM machine, the proposed EC-RP AFPM
machine achieves cogging torque reduction but suffers from a
concomitant decrease in output torque.

2) Based on the EC-RP AFPM machine, an Elliptical Cut
Rotating Compensated Halbach Pole Axial Flux Permanent
Magnet (EC-RCHP AFPM) machine is further proposed. The
mechanism of torque enhancement and ripple reduction of the
proposed machine is elucidated through equivalent surface cur-
rent analysis.

3) A genetic algorithm-based optimization method for im-
proving the output torque of the EC-RCHP AFPM machine is
developed and validated. This method integrates finite element
(FE) modeling with the equivalent surface current model to op-
timize the rotor structure of the EC-RCHP AFPM machine,
thereby achieving output torque improvement.

The remainder of this paper is organized as follows. Sec-
tion 2 elaborates on the deficiencies of the conventional AFPM
machine and EC-RP AFPM machine, based on which the EC-
RCHP AFPM machine is proposed. Meanwhile, the operating
principle of the EC-RCHP AFPM machine is clarified through
equivalent surface current analysis. Section 3 conducts multi-
objective optimization for the topology of the EC-RCHP AFPM
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machine and compares its comprehensive performance on the
basis of output torque improvement. Section 4 verifies the ef-
fectiveness and accuracy of the proposed machine through fi-
nite element analysis. Section 5 concludes the whole paper.

2. MACHINE TOPOLOGY AND OPERATING PRINCI-
PLES

2.1. Machine Topology

Taking the conventional axial-flux permanent magnet
(CAFPM) machine as the baseline, this paper designs an
EC-RP AFPM machine to suppress the cogging torque of
AFPM machines. However, the EC-RP AFPM machine
inevitably leads to a moderate decrease in output torque.
Therefore, by introducing rotating-compensated elliptical
Halbach permanent magnets, this paper further proposes an
EC-RCHP AFPM machine, as shown in Figure 1.

Figure 1(a) presents the stator structures of all three ma-
chines, which share identical winding configurations with an
8-pole 48-slot design. The complete machine topology is il-
lustrated, adopting a double-stator single-rotor axial structure
with two stators on the upper and lower sides and a rotor disc
in the middle. This stator employs a distributed short-pitch
winding design with a winding pitch y = 4 and a pole pitch
T = 6, satisfying the short-pitch winding design criterion. Each
phase consists of 32 coils with 7 turns per coil, resulting in a
total of 224 series turns per phase. This winding structure ef-
fectively suppresses cogging torque and high-order harmonic
contents, thereby improving the steady-state operational per-
formance and electromagnetic compatibility of the machine.

Figures 1(b)—(d) show the differences in the rotor structures
of the CAFPM, EC-RP AFPM, and EC-RCHP AFPM ma-
chines. Figure 2 depicts the step-by-step evolution process
from the CAFPM rotor to the EC-RP AFPM and EC-RCHP
AFPM rotors. The CAFPM machine adopts an interior per-
manent magnet (IPM) arrangement. By applying an ellipti-
cal pole topology shift to its permanent magnets, the perma-
nent magnetic field is offset, yielding the EC-RP AFPM rotor.
This elliptical beveled structure is custom-designed to combine
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FIGURE 2. The gradual evolution of the CAFPM rotor structure into the EC-RP AFPM and EC-RCHP AFPM rotor structures.

the characteristics of the disc-type rotor and the circumferen-
tial magnetic field of an axial-flux motor. Its smooth, curved
contour adapts to the annular rotor structure, forming a con-
tinuous and uniform equivalent surface current. On this basis,
elliptical Halbach auxiliary poles are symmetrically added on
both sides of the main permanent magnets, and a Halbach ar-
ray structure with alternating magnetization directions is intro-
duced, thus forming the final EC-RCHP AFPM machine.

2.2. Equivalent Surface Current Analysis

For the cogging torque suppression of the EC-RCHP AFPM
machine, the cogging torque is mathematically defined as the
negative partial derivative of the magnetic coenergy W with
respect to the rotor position « [19]:

ow

Teos =~

(M

In the EC-RCHP AFPM machine, the magnetic flux prop-
agates along the axial direction. Neglecting the variation of
magnetic coenergy in permanent magnets and assuming that the
magnetic coenergy is solely determined by the air-gap magnetic
field, the magnetic coenergy can be expressed as:

1
W= _——

2o @

/AQ(G,r,z)BQ(Q,r,z,a)dV
1%

In traditional axial-flux permanent magnet motors, the main
poles are typically magnetized axially. For the proposed EC-
RCHP AFPM machine, this paper adopts the equivalent surface
current method to analytically calculate the spatial air-gap mag-
netic field produced by Halbach permanent magnet arrays with
different magnetization directions. Based on Ampére’s molec-
ular current hypothesis, this method equates the magnetic field
of a rectangular permanent magnet to the field collectively gen-
erated by four sets of line currents on its four edges [20,21], as
shown in Figure 3.

Considering the inherent characteristics of AFPM machines
that the air-gap magnetic field exhibits periodic circumferential
distribution and a small radial magnetic field gradient, this pa-
per adopts a multi-segment 2D unfolding method to facilitate
the analysis. The machine is radially divided into multiple con-
centric rings, each of which is unfolded into a linear machine
at its average radius with radial edge effects neglected. The 3D
air-gap magnetic field is obtained by radially superimposing the

‘ Top view

FIGURE 3. Equivalent surface current method model of the EC-RCHP
AFPM machine.

2D magnetic fields of each individual cross-section, which sig-
nificantly reduces analytical complexity while ensuring com-
putational accuracy. Based on the fundamental principles of
modeling using the equivalent surface current method, the axes
a-b and c-d in Figure 3 are selected as the local reference axes
for the permanent magnet.

The expression for the outer surface current is given by:

K=Mxi 3)

Here, M represents the magnetization of the permanent mag-
net, and 77 represents the unit normal vector to the surface.

The normal vector to the left arc ab in Region I: 777 4p
(—cosf, —sin ), where 0 is the polar angle of the arc, 6
[-7/2,7/2], and the parametric equation of the arc is x
—L/2+ Rcosf,y = Rsind.

The surface currents along the four edges of Region I are:

m

“
Similarly, the surface current along the four sides of Region
Ilis:

Kl[—ab
Kll-ab (0)

—M cos v
M cos(a + 0)

)

The surface currents along the four sides of Region III are:

KHI—cd = —M cos« (6)
Kiica(0) = M cos(a + 0)
Sum the surface currents along the coincident edges:
K (0) = M cos(a+6) — M cos 0 ™

K.g=M — Mcos6
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A positive value of K indicates that the current direction is
out of the page, while a negative value indicates that it is into
the page.

Based on the Biot-Savart law, the analytical expression for
the magnetic flux density produced by a finite-length uniform
planar current sheet at any arbitrary point in space can be de-
rived. This formula constitutes the core fundamental basis of
the equivalent surface current method in the electrical machine
field:

B, = "X sinB-1n (:—‘2) K cos 3 - sign(l) - ¢
1
B, = LK cos3-1n ) - mK sin 3 - sign(l ®
Yy = 4rn : 72 o gn( ) 2

Here, f is the angle between the current-carrying line segment
and the positive z-axis; rg and r; are the distances from the
field point to the start and end points of the line segment, re-
spectively; [ is the perpendicular distance from the field point
to the current-carrying line segment; and ¢ is the angle sub-
tended by the line segment at the field point.

The magnetic field generated in space by the equivalent cur-
rent in the cd side is expressed as:

_ 2 2
B:v cd = NOM(I cos 9) -In (Ei*§;§§2153t§§2)

By.ca = —w - sign(z — L/2) )
. (arctan mij];z arctan —— /2)

The magnetic field generated in space by the equivalent cur-
rent in the ab side is expressed as:

_ —poMcosa (z+L/2+R)*+(y+R)>
Brap = =55 In (<x+L/2+R)2+(Z—R>2>
By.qp = HM89 gign(z + L/2 + R) (10)
. (arctan % — arctan %)

For a curved surface with a nonuniform surface current dis-
tribution, the magnetic field does not possess an elementary an-
alytical solution and is therefore expressed in the form of a def-
inite integral. For a semicircular arc-shaped surface centered
at (z., y.) with radius R and surface current density K (6), the
magnetic field is given by:

/2
B.(6) = 4t - [717,
( K(@)(gé)—zyc(—RsinG) ok
r—x.—Rsin +(y—y.—Rsin
)
_ moR /2
B — Ho 2
K (0)(x.—x+Rcosh) do
(z—z.—Rsin0)?2+(y—y.—Rsin0)?

The magnetic field generated in space by the arc ab in Region
Lis:

—MOMR fﬂ'/z

Bz-l-ab(a = /2

cos O(y— R sin 6) do
(z+L/24+R—Rcos 0)2+(y—Rsin6)?
—woRM w/2
27 —7/2
cos(Rcos—L/2—R—zx)
(z+L/24+R—Rcos 0)2+(y—Rsin6)?

(12)
By—I—ab (0) =

do
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FIGURE 4. Key parameters of the EC-RCHP AFPM machine.

The magnetic field generated by the arc ab in Region II is:

/2

Bac—[l—ab(e) = MR —7/2

2
cos(a+6)(y—Rsin ) do
(z+L/2+R—Rcos 0)?+(y—Rsin0)?
/2
By.aap(0) = % ’ 77/7/2
cos(a+60)(Rcos—L/2—R—x)
(z+L/2+R—Rcos0)2+(y—Rsin0)?

(13)

dé

The magnetic field generated in space by the Region III arc-
shaped cd is:

Baica() = 2022 . 3/32
cos(a+0)(y—Rsin0)
(w;§4/27Rﬂc;);9)2+(y7Rsin0)2 (14)
By»ll[—cd(e) = H027-r “Jonj2

cos(a+0)(Rcos0+L/2—x)

(x—L/2—Rcos 0)%2+(y— Rsin )2 do

To calculate the magnetic field generated by the aforemen-
tioned arc, the Simpson’s 1/3 numerical integration rule is
adopted, which achieves a numerical error on the order of 10~
The integration step size is set to df = 7/ N, and for each dis-
crete polar angle 6; = —7/2 4 idf (i = 0,1, ..., N).

1, ¢=0o0or N
Simpson’s weight: w; = ¢ 4, ¢ = odd
2, 1 =even

(15)

Based on the above numerical integration method for com-
putational simplification, the simplified expression for the mag-
netic field generated by arc ab in Region I is given by:

—uoMR
2T

Br-l-ab(e) = % Zi\io <wi :

cos0;-(y—Rsin6;) )

"=+ L/2+R(1—cos 6;)]2+(y—Rsin 6;)2

(16)
—oMR
2T

By1an(0) = % Zf:vzo (wi :

cos 0;-[R(cos §; —1)—x—L /2]
‘[#+L/2+R(1—cos 6;)]2+(y—Rsin 6;)2
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FIGURE 5. Response surface analysis of key parameters for the EC-RCHP AFPM machine: (a) response surface analysis of average torque, (b)
response surface analysis of torque ripple, and (c¢) response surface analysis of cogging torque.

The simplified calculation of the magnetic field generated in
Comprehensive space by the Region III arc-shaped cd yields:

340 optimization point

N "
Betea(0) = % > im0 (‘*’i : Ozj\:R

. cos(a+0;)-(y—Rsin ;)
(x—L/2—Rcos6;)2+(y—Rsin6;)?

Byaica(0) = %_9 Zﬁio <wi . HO2J\;IR
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Average torque (Zay)
w
2

(18)

0.04 T . cos(a+6;) (Rcosfi—x+L/2)
' i '(‘Co‘l) (x—L/2—Rcos6;)?+(y—Rsin6;)?
& (S
T"'q,,e 008 16 o
"ovre ., 14 &
oy 010 1o

The total 2D magnetic field components 5, 2D and B, 2D

are obtained by superimposing the magnetic fields generated by
FIGURE 6. Multi-objective optimization analysis of the EC-RCHP each edge in the z and y directions, respectively. The 3D air-
AFPM machine. gap magnetic field is then derived by periodically extending
the 2D magnetic field of each slice along the circumferential
direction and averaging the results:

The magnetic field generated by the curved Region II ab in
space can be calculated as follows:

_ d§ =N  poMR _
Boaran(0) = 5 22550 (w% S { B, = NLS Zﬁg ipzol By op(z +n7(ri), y, 1) (19)
Ns —2p—1
. cos(a+0;)-(y—Rsin 6;) > By = ﬁ Zi:l np:0 ByaQD (x + nT(”)? Y, ri)
[x+L/24R(1—cos6;)]?+(y—Rsin6;)?

N MR (17) Here, the radial center position of each slice is r;, and the cor-
Byaab(0) = %—9 > im0 <Wi - o responding pole pitch is 7(r;). Substituting the derived 3D air-
gap magnetic field equations into the magnetic coenergy Equa-
cos(a+6;)-[R(cos §;—1)—x—L/2] : S _

L/ ST R0 e ST (R om0 ) tion (2) demonstrates that the proposed elliptical Halbach pole
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FIGURE 7. Magnetic field distribution in an open-circuit air gap.

shifted structure can suppress cogging torque and moderately
improve the output torque.

3. MULTI-OBJECTIVE OPTIMIZATION DESIGN

To comprehensively investigate the performance characteris-
tics of the proposed EC-RCHP AFPM machine in suppressing
cogging torque while enhancing output torque, analytical re-
sults of the proposed machine obtained via the equivalent sur-
face current method demonstrate that the rotor topology and
permanent magnet dimensions should be prioritized for opti-
mization to achieve optimal performance. Figure 4 presents the
key design parameters of the EC-RCHP AFPM machine. D; is
the major axis of the ellipse, D, the curvature of the ellipse,
and ay the Halbach magnetization angle. In addition, given
that the EC-RCHP AFPM machine is required to exhibit high
torque and low torque ripple characteristics, the average torque
(Tavg), torque ripple (Trippie), and cogging torque (Troq) are
selected as the optimization objectives.

Figure 5 presents the parametric response surface analysis of
key design parameters of the proposed EC-RCHP AFPM ma-
chine with respect to average torque, torque ripple, and cogging
torque. By analyzing these response surfaces, correlations be-
tween design parameters and response variables can be estab-
lished, and response variables can be predicted within specified
ranges. The analysis reveals that increasing oy significantly
enhances the average torque and reduces the torque ripple, but
causes a sharp deterioration in cogging torque. The stator in-
ner diameter D; and elliptical curvature D, each have distinct
optimal ranges for all three performance metrics, and they ex-
hibit strong parameter interactions with avgy. Finally, a multi-
objective optimization is performed using the genetic algorithm
(GA) to obtain the optimal parameter combination under the
given constraints, as shown in Figure 6.

4. ELECTROMAGNETIC PERFORMANCE ANALYSIS
AND COMPARISON

All three-dimensional finite element models of the AFPM
motors in this paper were created and solved using ANSYS
Maxwell 2022. Since edge magnetic leakage is prone to oc-
cur on the outer surface of axial flux motors, the outermost air
domain of the three motor models in this paper has been set to
a zero-vector magnetic potential boundary.
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4.1. Air-Gap Magnetic Flux Density Characteristic Analysis

Figure 7 presents the open-circuit air-gap magnetic field distri-
butions of the CAFPM, EC-RP AFPM, and EC-RCHP AFPM
machines, respectively. Comparison of the magnetic field
intensity distributions of the three machines reveals that the
CAFPM machine exhibits a relatively uniform air-gap mag-
netic field distribution but low overall intensity; the EC-RP
AFPM machine shows an increased air-gap magnetic field
strength with a distinct magnetic field enhancement region at
the salient pole rotor positions; and the EC-RCHP AFPM ma-
chine achieves the highest air-gap magnetic field strength and
the most concentrated magnetic field distribution, demonstrat-
ing that the elliptically cut rotating-compensated Halbach poles
possess a superior magnetic focusing effect.

To further quantitatively analyze the distribution characteris-
tics of the air-gap magnetic field, Figure 8 compares the air-gap
magnetic flux density waveforms of the three machines. It is
observed that compared with the CAFPM machine, the air-gap
magnetic flux density waveforms of the EC-RP AFPM and EC-
RCHP AFPM machines exhibit a significant phase shift due to
the magnetic field offset design.

4.2. Back-EMF Characteristic Analysis

Figure 9 presents a comparison of the open-circuit back-EMF
(electromotive force) waveforms and their Fourier decompo-
sition results for the three machine types at rated speed. As
can be seen from Figure 9(a), the fundamental peak value of
the back-EMF of the EC-RCHP AFPM machine is significantly
higher than those of the CAFPM and EC-RP AFPM machines.

12

——EC-RCHP AFPM Machine
)| —— EC-RP AFPM Machine
N —— CAFPM Machine

0.8

0.4

axial air-gap flux density (T)

1 1 1
0 90 180 270

Rotor position (elec.deg)

360

FIGURE 8. Magnetic flux density in an open-circuit air gap.
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FIGURE 9. Analysis of open-circuit back EMF. (a) Back EMF waveforms at different rotor positions and (b) Fourier decomposition.
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FIGURE 10. Analysis of the cogging torque characteristics of three ma-
chines.

The Fourier decomposition results in Figure 9(b) demonstrate
that the back-EMF of the conventional CAFPM machine ex-
hibits significant 5th and 7th harmonics. The total harmonic
distortion (THD) values of the CAFPM, EC-RP AFPM, and
EC-RCHP AFPM machines are 7.57%, 6.09%, and 4.25%, re-
spectively. This confirms that the pole-shift technique effec-
tively suppresses harmonic components through phase cancel-
lation principle, thereby improving waveform quality and re-
ducing the torque ripple and core losses of the machine.

4.3. Creep Torque Analysis

Cogging torque is an inherent characteristic of AFPM ma-
chines, and its peak magnitude directly governs vibration and
noise levels, as well as the low-speed operational smoothness
of the machine. Figure 10 compares the cogging torque wave-
forms of the three machines over a single electrical cycle. It
can be observed from the waveforms that the maximum cog-
ging torque of the CAFPM machine reaches 3.37 N-m. Af-
ter applying the pole-shift technique, the maximum cogging
torque of the EC-RP AFPM machine is reduced to 2.21 N-m,
a decrease of 34.4%; that of the EC-RCHP AFPM machine is
further reduced to 1.52 N-m, a remarkable reduction of 54.9%.
These results confirm that the pole-shift technique effectively
suppresses the peak cogging torque by introducing phase dif-

400
—+—EC-RCHP AFPM Machine
—o—EC-RP AFPM Machine
350 b ——CAFPM Machine
)
g A q
= Y
g 300 X \f/\
£
& (\MWMN
1)
I
s
250 |
=
200 L L .
0 90 180 270 360

Rotor position (elec.deg)

FIGURE 11. Analysis of the output torque characteristics of three ma-
chines.
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ferences between the cogging torque components of different
poles, which then cancel each other out.

4.4. Output Torque Characteristic Analysis

Figure 11 presents the output torque waveforms of the three
machines under rated load conditions. Simulation results show
that the CAFPM machine has an average output torque of
315.9N-m and a torque ripple of 11.26%. After adopting the
elliptical-cut pole-shift structure, the average torque of the EC-
RP AFPM machine decreases to 273.0 N-m with a torque ripple
0f 6.12%. This demonstrates that although the pole-shift tech-
nique can reduce torque ripple, it inevitably leads to a moder-
ate decrease in average torque. On this basis, the EC-RCHP
AFPM machine incorporating the compensated Halbach array
achieves an average torque of 321.7 N-m and a torque ripple of
6.12%. This validates the effectiveness of the proposed syner-
gistic optimization scheme combining elliptical poles and Hal-
bach arrays, which realizes high torque density while maintain-
ing low torque ripple characteristics, making it well-suited to
meet the application requirements of new energy vehicle drive
motors for high power density and low vibration and noise.

5. CONCLUSIONS

To address the inherent limitation of conventional AFPM ma-
chines that cogging torque suppression and torque density en-
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hancement cannot be simultaneously achieved, this paper pro-
poses an EC-RCHP AFPM machine. The proposed machine is
evaluated via FE analysis, leading to the following conclusions:

(1) By conducting equivalent surface current analysis on dif-
ferent machine topologies, this paper elucidates the fundamen-
tal mechanism by which elliptically skewed rotating poles sup-
press cogging torque, as well as the magnetic field enhancement
mechanism of the compensated Halbach poles.

(2) Through the optimal design of Halbach auxiliary poles,
the EC-RCHP AFPM machine not only further suppresses cog-
ging torque but also fully compensates for the torque loss
caused by the pole-shift technique, thereby successfully balanc-
ing high torque density and low torque ripple.

(3) Analysis of torque and back-EMF characteristics demon-
strates that the EC-RCHP AFPM machine exhibits a more sinu-
soidal back-EMF waveform and lower THD, which is in good
agreement with the theoretical analysis based on the equiva-
lent surface current method. Furthermore, owing to the com-
pensated Halbach pole design, the EC-RCHP AFPM machine
achieves higher output torque and lower torque ripple than tra-
ditional CAFPM machines.
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