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Abstract: To address the issues of high torque ripple and uricable eperation in high-power
mining outer-rotor permanent magnet motors (ORPMMs) thic study investigates a rotor
step-skew technique aimed at enhancing operational sroothness. First, an analytical model
of cogging torque that incorporates rotor skew is eswabrc'=cd based on the energy method,
which clarifies the mechanism through which the s.-aw.angle influences torque attenuation.
From this model, a method for determining, u.cxantimal skew angle to minimize cogging
torque is derived. Second, a finite element azalysis (FEA) model of the ORPMM is con-
structed to compare electromagnetic characteristics such as no-load back electromotive
force (EMF), cogging torque,.and<torque ripple under both non-skewed and variably
skewed rotor conditions. The coging tuique calculated analytically is compared with FEA
results, thereby validating the.iccuiacy o7 the optimal skew angle determination method.
Finally, prototype experiments «ra conducted to verify the accuracy of both the simulation
and analytical models. Thic we X provides theoretical foundations and technical support for
torque ripple supp:ssica anc performance optimization in high-power mining outer-rotor
motors.

Key words: analytical calculation, cogging torque, high-power mining outer-rotor perma-
nent magnet motor, step-skew

1. Introduction

High-power outer-rotor permanent magnet motors (ORPMMs) are widely employed in
heavy-duty mining applications including coal-mine belt conveyors and hoists, owing to their
compact structure, high torque density, and direct-drive capability [1, 2 3]. However, the pursuit
of high torque output in such motors is accompanied by notable vibration issues stemming from
cogging torque and torque ripple, which significantly degrade operational smoothness and
control precision [4]. Compared with inner-rotor counterparts of similar volume, ORPMMSs
exhibit a larger air-gap circumference, leading to more pronounced magnetic reluctance
variations between stator slots and rotor poles. Consequently, their inherent cogging torque and
torque ripple are especially acute [5, 6]. Under low-speed, high-torque operating conditions,
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these torque-ripple components can be amplified by the mechanical system, further constraining
overall equipment performance [7].

To mitigate cogging torque and torque ripple in permanent magnet motors, researchers
worldwide propose various methods from multiple perspectives. Scholars Yanbo Lu, Chen
Wang, and Jian Huang investigated the phase-shift characteristics, harmonic distribution, and
optimization of cogging torque in axial-flux permanent magnet motors using the energy method,
a quasi-3D analytical approach, and the frozen-permeability method [8]. Md. Yeasin Arafat,
Mahtab Murshed, and Md. Mahamudul Hasan employed analytical models and FEA to study the
influence of cogging torque in an outer-rotor radial-flux permanent magnet AC generator under
low-speed operation. By deriving an expression for the total cogging torque, they optimized
design parameters to reduce its adverse effects on output power quality, vibration, and noise [9].
R. Setiabudy and Herlina explored the impact of the number and width of anti-notches on
cogging torque in permanent magnet motors using a notching technique and simulations in
FEMM 4.2. Their study found that increasing the number of aati-nctches did not significantly
improve torque-ripple suppression, whereas a single anti-ngtca witn a specific width delivered
the optimal reduction effect [10]. However, theseneir=ds often introduce increased
manufacturing complexity and can adversely affect tha siat fill factor and thermal management.

Ankur Jentibhai Kanapara and Ketan P. Badugjar invastigated methods for reducing cogging
torque in radial-flux permanent magnet brush'ess»™C motors by modifying the magnet edge
margin and slot-opening angle, validating their dasign through FEA [11]. Amit Kapil and Bhadja
Satish employed a magnet edge chamfering technique in the design of a radial-flux PM brushless
DC motor and verified its effectiveness 1a cogging torque reduction using both analytical
programming and finite element simula ionc [12]. M. Tetik Girgin and M. Aydin explored the
mitigation of torque ripple.in an oxia:=flux permanent magnet motor through current harmonic
injection, implementinga microcantroller-based drive system for experimental validation. Their
approach proved effective ‘n suppressing torque ripple, noise, and vibration, though it relies on
high-precision sensors and a fast-response controller [13].

However, existing research predominantly focuses on small- to medium-power inner-rotor
motors or specific topological structures. A notable lack remains regarding systematic design
methodologies and experimental validation regarding segmented skewing for high-power
ORPMMs in mining applications. Crucially, a systematic methodology for quantitatively
determining the optimal skew angle and a clear understanding of its impact on critical
performance indicators, such as back-EMF waveform fidelity, remain lacking for these high-
power outer-rotor motors. To address this gap, this study takes a 144-slot/32-pole high-power
outer-rotor permanent magnet mining motor as the research object and conducts an optimization
study on segmented skewing design. First, an analytical model of cogging torque is established
based on the energy method, from which a theoretical expression for the optimal skew angle is
derived. The cogging torque calculated by this analytical method is then compared with FEA
results. Subsequently, finite element simulations are employed to systematically analyze the
motor’s no-load back-EMF, cogging torque, and load torque ripple characteristics under
different skew angles. Finally, an experimental prototype is developed and tested for validation.
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This work provides theoretical foundations and engineering references for the low-vibration,
low-noise design of such motors.

2. Motor structure and skewing scheme design

2.1. Research object and basic parameters

This study focuses on a high-power outer-rotor permanent magnet synchronous motor
designed for coal mine belt conveyor systems. The motor employs a distributed winding with a
short-pitch design with a pitch of 4 to optimize the back-EMF waveform and suppress harmonics.
The permanent magnets are surface-mounted on the inner side of the rotor, while the stator is
stationary, making it suitable for low-speed, high-torque direct-drive applications. Its key
performance and structural parameters are detailed in Table 1.

Table 1. Basic parameters of the mu.or

Parameters (unit) Value | Parameters (m) Value
Rated power (kW) 315 | Rated sp_eed—(rpm) 48
Frequency (Hz) 12.8 | Auz2p length (mm) 25
Number of poles 22 Rotor outer diameter (mm) 1220
Axial length (mm) C2 | Rotor inner diameter (mm) 1122
Number of slots 144 | Stator outer diameter (mm) 1117
Slot opening width (mrf 10.5 | Stator inner diameter 903
Slot opening < lDth_(mm) 62.5 | Type of circuit Y

2.2. Finite element modeling

To implement rotor skewing while considering the axial length of the motor, manufacturing
feasibility, and optimization efficiency, the rotor was axially divided into eight segments. Within
each segment, the permanent magnets retained their original dimensions and magnetization
direction, while adjacent segments were offset from each other by a specific mechanical angle
in the circumferential direction. This segmented design preserves the inherent advantage of
skewing in harmonic suppression while avoiding issues associated with continuous skewing,
such as axial magnetic circuit imbalance and complex manufacturing processes. Furthermore, it
offers enhanced suitability for the fabrication and assembly of high-power rotors.

To accurately simulate the impact of segmented skewing on motor performance, a three-
dimensional 3D FEA model was established based on the parameters listed in Table 1. During
mesh generation, local refinement was applied to critical regions including the air gap, permanent
magnets, and stator teeth to ensure the accuracy of magnetic field calculations. The resulting 3D
FEA model and an unfolded view detailing the local stator-rotor structure are presented in Fig. 1.
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Fig. 1. 3D finite element model and unfolded view of the stator and rotor

3. Analytical calculation of cogging torque and decermination of skew angle

To accurately evaluate the influence of segmenterotc=2kewing on the cogging torque of an
outer-rotor motor, the cogging torque is first definec:h25ed on the energy method, and the air-
gap flux density is decomposed using the perineaiiv# method. Building upon this foundation,
relevant parameters are determined via a semi-analytical method, leading to the derivation of an
analytical expression for the total cngging worque in a non-skewed rotor. This expression is then
compared with FEA results. Subsegu=ntly, this analytical framework is extended to a skewed
rotor structure divided into k segmionts, vwheie adjacent segments are offset by an angle of Nsé.: ,
with N; representing the number € skewed slots and 4. denoting the stator slot pitch in radians.
The cogging torque for<ach.segrient is derived individually, and the total cogging torque for the
segmented skewed rotor is abtained by superposition. Finally, to minimize cogging torque, the
derived expression is used to solve for the relationship defining the optimal skew angle under
different pole-slot combinations and segment numbers.

The magnetic energy stored in the air gap and permanent magnets can be expressed as Eq. (1)
[14-18]:

-t 2
W= 2p fVB dv, @

where B denotes the air-gap flux density, w0 is the permeability of vacuum, and V represents the
volume of the air-gap and permanent magnet regions.

The core idea of the permeance method is to decompose the air-gap flux density into the
product of the magnetomotive force (MMF) produced by the permanent magnets and the air-gap
permeance, as shown in Eq. (2):

B(6,a) = A6, a) - Fpm(6), @
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where A (6 a) is the air-gap permeance including the permanent magnet region, and Fpm(8) is
the equivalent MMF produced by the permanent magnets.

Assuming the magnetic permeability of the permanent magnets is equal to that of air, the
effective air-gap length is defined as the sum of the permanent magnet thickness and the physical
air-gap length, as given by Eq. (3):

Geft(0, @) = hy(0) +6(0, @), @)

where hn(6') denotes the thickness of the permanent magnet, and & (8,a) represents the actual
physical air-gap length.

3.1. Calculation of permanent magnet MMF and air-gap permeance

To establish a slotless structural model based on conditions 1), 2), 3), and 4):

1) A two-dimensional magnetostatic field solver is employed.

2) The inner surface of the stator is simplified as a smooth_cvlin4iical boundary, retaining
only the rotor, permanent magnets, and air gap.

3) The material properties of the permanent magnets e uefined according to the parameters
listed in Table 1, with radial magnetization applied.

4) The air-gap flux density distribution Bo(4 ) witixin sne pole pitch is obtained via FEA. The
waveform is subsequently decomposed through Foerier analysis to extract the magnetomotive
force harmonic components, as illustrated in Figs. 3(a), 3(b), and 3(c).

The MMF of the permanent magnets s derived from a slotless motor model [19-22]. As
illustrated in Fig. 2, for this model, ti.» Mivii: is expressed as:

Bo(6)(6+hm)

um(0) = T *)

where Bo(@) is the air-ga, fiux flensity distribution when the stator slotting effect is neglected; ¢
and hm are the air-gap ler yth and the permanent magnet thickness in the slotless model,
respectively.

Fig. 2. Slotless model of the motor

The slotless model of the motor is computed using a finite element-based magnetostatic
solver to obtain the distribution of the air-gap flux density Bo(6 ), the MMF distribution of the
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permanent magnets, and its low-order harmonic components, as shown in Figs. 3(a), 3(b), and
3(c), respectively.
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A schematic diagram of a surface-mounted permaricnieragnet synchronous motor with
slotting structure is shown in Fig 4. The MMF Fs, car.bu.obained from Eq. (5):

Fig. 4. Schematic of the motor with slotting structure

Fs, = w' ©)
0
where By is the flux density at point M. Within one stator tooth pitch, the inner surface of the
stator can be considered an equipotential magnetic surface. Consequently, the effective air-gap
length of the motor can be expressed as:

_ _MoFst
6(9! a) - B(St(eya) hml (6)

where B (6,a) is the circumferential distribution of the air-gap flux density over one tooth pitch.
The air-gap permeance is therefore:

_ Ko _ Mo hm (6)
A, @) = I (0)+8(8,8) hm(9)+5(6,a)]' @)
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For a surface-mounted permanent magnet motor, the equivalent MMF of the permanent

magnets can be expressed as:
Fom(9) = O, (®)
0

where B, (9) is the circumferential distribution of the permanent magnet remanent flux density.

Furthermore, the differential volume element can be expressed as
dV = r - dr - d@ - dz,with the integration domain corresponding to the air-gap region:
radially r € [Ry, R,],circumferentially 6 € [0,27],and axially z € [0,L,]. In this paper, it is
assumed that the effective air-gap length §(6, a) remains constant along the radial direction—
that is, the air-gap magnetic field is uniformly distributed in the radial direction. This assumption
is both reasonable and commonly adopted for surface-mounted permanent magnet motors,
particularly when the air-gap dimension is considerably smaller than the stator and rotor radii.
Consequently, §(6, a) and the derived permeance function A (8, ~) &< ndependent of the radial
coordinate r. Under this premise, the radial and axial integiass can be performed first,
yielding:foLa dz = La, f;;z rdr = (R5 — R?)/2 Substituting ‘hesz results, together with Egs. (2),
(7), and (8), into Eq. (1), the expression for the magnetic.fie!d energy is obtained as Eq. (9):

2_p2 2
W = Mf;"[u(a a)rpm(60)] d6. 9)
Ho

The Fourier expansions of the permarent mugnet MMF and the air-gap permeance are as
follows. The expansion for the square githe MMF is:

h? o
Fom(9) =25 82(6) = Fo + Xios Fn cOS(2mp0), (10)

h2, 0, BE 2.2, B?
where: Fy = mﬂ;’ L, el
0

3 sin(ma,).

The Fourier expansion far the square of the air-gap permeance is:
2
A*(8,a) = 1> [Go + Yy Gy cos[nz(6 + a)]], (11)
m

where Go denotes the constant component of the air-gap permeance, and G, is the amplitude of
the n-th harmonic of the air-gap permeance.

Substituting Egs. (10) and (11) into Eq. (9) and expanding the four integral components
yields Eq. (12):

[GoFy + Go X1 Fn cos(2mpB) + Fo X5 —1 Gy cos[nz(6 + )]

_ La(R3-R}) p} c2m ® @ ®
w= 4Ho i Js + 251 X1 Gy Ey cos(nz(6 + a)) cos( 2mp8) do- (12)

®

The four integral components are evaluated as shown in Eq. (13):



This paper has been accepted for publication in the AEE journal. This is the version,
which has not been fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026.158267

( ST GoFyd8 = 210Gy F,
ST Gy 2%y Fry cOs (2mpB)dl = Go Ty Fy [ cos(2mpB)de = 0, (2mp +# 0)
fozn Fo Yo _1G,cos[nz(@ +a)]dd = Fy Yo, G, fozn cos[nz(8 + a)]dd = 0, (nz # 0).

Uozn cos (nz(0 + a)) cos(2mpO)do = {ncoos (nza),nz = 2mp

13)

Summing the above four integral components and substituting the result back into Eq. (12)
yields Eq. (14):

nLq(R3-

2
w== 4h$nR1)#0 [2GoFy + Yne1 Y=y Gy Ey, cos(nza)]. (14)

Taking the negative partial derivative of Eq. (14) with respect to the position angle o yields
the final expression for the cogging torque as Eq. (15):

TZLg

Tcog(a) = (R% - R%) Z:}:l nGy, Bnz 5;"‘; .12,6!)’ (15)

4o v
where z is the number of stator slots; L, is the axial length of tric armature; 4o is the permeability
of free space; R; is the outer radius of the stator core; Rz wo"the inner radius of the rotor core; N
is the integer that makes nz/(2p) an integer; C.and bz are the Fourier series coefficients of
the squared air-gap permeance A 2(6,a) from Eg.(1Z) and the squared PM MMF F}, (8) from
Eq. (10), respectively; the term exists when m =1z/(2p) is an integer. Here, n is the summation
variable satisfying the condition that nz/(2p) is an integer, and a is the relative angular position
between the stator and rotor.

The corresponding Fourier coc*ficients for the non-skewed rotor, ultimately derived, are
listed in Table 2.

Tal 2 27 Calculated Fourier coefficients Gn and Bm

Parameters Gn Value Parameters Bm Value
G2 1.1809 x 10 B2 4.2851 x 10?
G4 3.7033 x 107 Ba -2.6998 x 103
Gs 3.0620 x 107 Be -2.1646 x 103
Gs 1.1606 x 107 Bs 1.0452 x 108

3.2. Calculation of the optimal skew angle for segmented rotor skewing
For a rotor skewed into k segments, the cogging torques generated by each of the k magnet
segments are given respectively as [23-25]:
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Teogr (@) = ”ZL“ (R2 R3) ¥7-1nGy B nzsinn za
2p

c0g2 (0!) TTZLa (Rl - R ) Zﬁ:l nGn B,«E sinn Z((X + ngsl)
2p (16)

: La © .
Teogie(@) = 72 (RY — RE) Xioy Gy Bynz sinn z[a + (k = DNy
14

Then, the total cogging torque generated by the k magnet segments can be expressed as
Eq. (17):
Tcog(a) = Z{'c=1 Tcogi = ZZLZ (RZ R%) Zn 1nGy B"Z{Z =1 sm[nza +nz(i — 1)N 951]} (17)
This equation indicates that the total cogging torque after segmented skewing is the vector
sum of the cogging torques from each individual segment, and itsinagnitude depends strongly

on the offset angle 6.
When nNs#1, 2, 3

nzL sin™Ehs st
a(Rz R?) ¥7_1nG, Bnz — N -sin [nz(a +5N, 951)] (18)
2p 1 2

S17)

cog(a) =

To theoretically minimize the cogging torGue, eatting sin 2Zls0s1

= 0 enables the cogging
torque to be eliminated. Specifically, *~when n takes its minimum value
N, = 2p/ GCD(z,2p) = 32/GCD(114,32) = 2, satisfying sin% = 0 ensures that
the cogging torque components corvesponding to other values of n also vanish Therefore, the

condition for zero cogging torc= iswiven by: sinnk%sas1 = 0 and sin ===t ”ZNS s1 2 (. Taking the
21 360°

"kﬂ = m, given that 6, =~ = — = 2 5°, solving for Ns

smallest posmve solutien yields ™

gives N . According'y, the mechanical offset angle between adjacent segments is
expressed by Eq. (29):

1 2
A = N0y, = E g (29)
The cumulative mechanical skew angle of the k-th permanent magnet segment relative to the
first segment can be expressed by Eq. (20):

O = (k — 1)A0 = k—e (20)

The angle calculated by Eq. (20) represents the theoretical optimal rotor skew angle that
minimizes the cogging torque for a given pole-slot combination and number of segments. For
the  motor under consideration, with the number of segments k=38,
N, = 2p/ GCD(z,2p) = 32/GCD(144,32) = 2, where GCD(z,2p) denotes the greatest
common divisor of the number of slots z and the number of poles 2p, and
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r 2.5° . The optimal skew angle is thus obtained as:
- 2.5°=1.09375° = 1.09°.

3.3. Analysis of cogging torque

Cogging torque serves as a critical electromagnetic performance metric for permanent
magnet motors. Its amplitude directly affects torque ripple, low-speed smoothness, and
operational noise, making it a key indicator of overall motor performance. Investigating the
variation of cogging torque under different skew angles provides essential guidance for
optimizing motor structural parameters and improving operational characteristics.

To this end, three different skew angle schemes are designed to analyze their effects on
cogging torque and to validate the rationality of the optimal angle selected in this paper. Among
them, the 0° skew angle scheme corresponds to the original structure without rotor skewing,
serving as the benchmark scheme; the 1.09° skew angle scheme is tiie optimal scheme proposed
in this paper; the2.19° skew angle scheme is designed for comnai1s¢n with the classical method
widely adopted in the field of motor design—"skewing by oi:= stator slot pitch". For the 144-slot
motor studied in this paper, the stator slot pitch is 2.5°. Ir. continuous skew design, the total skew
angle is typically taken as 2.5 . However, to equiva'ently implement this classical design in an
8-segment skewed rotor structure, the tcw'. skew angle needs to be converted to
2.5°*7/8 =2.19°.

For the 144-slot 32-pole motor investigated 11 this paper, the least common multiple of the
number of slots and poles is 288./Toricaqiently, one cogging torque period corresponds to a
mechanical angle of 360°/288 = 125", To ¢nsure a more accurate simulation of the cogging
torgue, the rotational speed of th2 miator is set to 1 degree per second.

The specific values of the mioto,'s cogging torque are compared in Table 3, and its waveform
is illustrated in Fig. 5.

Table 3. Cogging torque values under different skew angles

Skew angle (°) 0 1.09 2.19
Peak-to-peak torque (N-m) 2666 8.6 12.08
Reduction (%) 0 99.7 99.5

10
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Fig. 5. Waveforms of cogging torque

Figure 6 compares the cogging torque waveforms under differa=t skew angles obtained from
the analytical calculation method and the finite element method, where subfigures (a), (b), and
(c) correspond to the cases of no skew, a skew angle/of 1.57°, and a skew angle of 2.19°,
respectively. The comparison reveals that the waveiorniz=irom the two methods are in good
agreement, with an amplitude error of less than 5%.
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Fig. 6. (a) Skew angle: 0°; (b) skew angle: 1.09°; (c) skew angle: 2.19°

Combining the cogging torque data from Table 3, it can be observed that when the skew
angle is 0°, the peak-to-peak cogging torque reaches a high value of 2 666 N-m. With a skew
angle of 1.09°, the peak-to-peak cogging torque is significantly reduced to only 8.6 N-m,
corresponding to a remarkable suppression of 99.7%. However, further increasing the skew
angle to 2.19°results in an increase in the peak-to-peak torque to 12.08 N-m and a slight decrease
in the suppression level to 99.5%. This indicates that an excessive skew angle may lead to over-
modulation of the magnetic field, potentially introducing new harmonic components; thus, a
larger angle is not necessarily better. This finding is consistent with the theoretical analysis in
Chapter 2: when the skew angle deviates from the optimal value of 1.09°, the cancellation factor
sin(nkzNs#.1/2) for the dominant cogging torque harmonic no longer attains its minimum,
resulting in reduced suppression effectiveness. Consequently, a skew angle of 1.09° not only

11
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confines the peak cogging torque to an extremely low level but also maintains the optimal degree
of attenuation, making it the ideal parameter for efficient cogging torque suppression. The high
degree of consistency between the results obtained from the analytical method and the finite
element simulations further validates the accuracy of the calculations.

4. Analysis of electromagnetic performance

To validate the effect of different skew angles on motor performance, a comparative FEA is
conducted using the three aforementioned skew schemes. Considering the motor dimensions and
manufacturing constraints, an 8-segment skewed rotor configuration was adopted. The three
schemes differ only in the total rotor skew angle, while all other structural and electromagnetic
parameters remain identical. Based on the formula for the optinial rotor skew angle derived
earlier, when the rotor is divided into 8 segments, the correspcnding-optimal mechanical skew
angle is calculated to be 1.09° Accordingly, three motor schemes are’defined: Scheme 1 employs
a rotor with no skew. Scheme 2 utilizes an axially &5-seymient skewed rotor with a total
mechanical skew angle of 1.09°. Scheme 3 also uses 2 asi2"1y 8-segment skewed rotor but with
a total mechanical skew angle of 2.19°, servine as a ¢comparative case.

4.1. No-load back-EMF analysis

The no-load back-EMF is a critical .indicator for evaluating the performance of permanent
magnet motors. Its amplitude detern.ines u.2 voltage output capability of the motor, while the
sinusoidal purity and harmonic ¢onteri: o7 its waveform directly influence key operational
characteristics such as torgue rip.'e end acoustic noise. Rotor skewing is an effective means of
improving the air-gap rragnatic “izld, and variations in the skew angle significantly impact the
characteristics of the no-locd back-EMF. Therefore, investigating the variation patterns of back-
EMF under different skew ‘angles is of great importance for optimizing the electromagnetic
performance of the motor and ensuring smooth operation.

The waveforms of the motor's no-load back-EMF are shown in Fig. 7, and a comparison of
specific parameters and total harmonic distortion (THD) is presented in Table 4.
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Fig. 7. No-load back-EMF waveforins

Table 4. RMS values and THD (%) of the<wo-:227 back-EMF

Skew angle (°) ¢ 1.09 2.19
RMS value (V) ?47.49— 638.36 626.91
Reduction in RMS (%) X _0 0.64 2.42
THD (%) 17.21 16.53 14.53

The no-load back-EMF waxafoirms under different skew angles were subjected to Fourier
decomposition. The corresoonding harmonic orders and their respective amplitudes are

illustrated in Fig. 8.

N e 0
=y p=] =1
3 =1 S

Farmonic Amplitude (V)

=)
=3
S

(! 16 §— 0°
L 1.09°
2.19°
12
8
4
: Wmmmm
5 kl 5 11 13 15 17
H_ﬂ _—
1 3 5 7 9 11 13 15 17
Harmonic Order

Fig. 8. Harmonic analysis of the no-load back-EMF by order
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Figure 8 and Table 4 reveal that as the skew angle increases, both the RMS value and the
THD of the no-load back-EMF decrease. When the skew angle increases from 0° to 2.19°, the
no-load back-EMF RMS value decreases from 642.49 V to 626.91 V, a reduction of 2.42%.
When the skew angle increases from 0° to 1.09°, the RMS value decreases from 642.49 V to
638.36 V, a marginal reduction of only 0.64%; meanwhile, the THD is also improved. The
results demonstrate that adopting a 1.09° skew structure effectively suppresses harmonics and
enhances no-load back-EMF waveform quality, without significantly compromising the motor's
output capability, inducing only a limited attenuation in amplitude.

4.2. Electromagnetic torque analysis

Electromagnetic torque is a key metric reflecting the load-operation characteristics of
permanent magnet motors. Its magnitude and ripple amplitude not only determine the effective
output capability of the motor but also directly influence the stabilinzand control precision of
the drive system. Adjusting the skew angle modifies the air-gan._magnetic field distribution,
thereby affecting the output characteristics of the electiv.nagnetic torque. Consequently,
investigating the behavior of electromagnetic torque urcar @ rerent skew angles is a crucial
prerequisite for achieving the co-optimization of motes sixurcwre and performance.

The electromagnetic torque waveforms of the mator are shown in Fig. 9, and a comparison
of the average torque and torque ripple parameter==.sresented in Table 5.
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Fig. 9. Electromagnetic torque waveforms

Table 5. Load average torque and torque ripple under different skew angles

Skew angle (°) 0 1.09 2.19
Average torque (kN-m) 60.95 60.74 60.20
Peak-to-peak torque (kN-m) 7.14 2.01 3.60
Torque ripple (%) 11.70 3.31 5.98
Torque ripple reduction (%) 0 72.05 48.89
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Combined with the comparative analysis of Fig. 9 and Table 5, it can be observed that as the
skew angle increases, the average torque of the motor shows a gradual declining trend, while the
torque ripple is significantly suppressed. When the skew angle is 1.09°, the peak-to-peak torque
ripple decreases from 7.14 kKN-m (without skew) to 2.01 kN-m, a reduction of 5.13 kN-m. The
corresponding torque ripple percentage is merely 3.31%, representing a 72.05% suppression rate.
However, when the skew angle is increased to 2.19°, the torque ripple percentage rises to 5.98%,
and the suppression rate decreases to 48.9%. Comparison reveals that with a 1.09° skew, the
reduction in average torque is minimal at only 0.21 kN-m (less than 0.35%), which does not
affect the normal operation of the motor. At this angle, the torque ripple is minimized, achieving
the optimal suppression effect.

To evaluate the influence of the skew angle on the overall motor performance from the
perspective of input characteristics, the current characteristics, power factor, and efficiency of
different skew schemes are compared under the same output torqus of 50 kN-m ,approximately
80% of the rated load. The results are presented in Table 6.

Table 6. Influence of different skew angles=an"mot)r efficiency

Skew angle (°) 0 o/ 1.09 2.19

Output torque (kN-m) ':0.00— 50.00 50.00
Current RMS (A) —13_521 136.00 140.18
Power factor 0.9861 0.9807 0.9607
Efficiency (%) L %520 95.16 94.25

Analysis of Table 6. ndieatet.that with a skew angle of 1.09°, compared to the non-skewed
configuration, the RMS Current increases by merely 0.79 A, while the power factor and
efficiency decrease by 0.55% and 0.04%, respectively. These effects are negligible. In contrast,
when the skew angle is increased to 2.19°, the RMS current rises notably by 4.18 A, and the
power factor and efficiency drop by 2.04% and 0.96%, respectively. In summary, the 1.09° skew
scheme demonstrates optimal performance in torque ripple suppression, current characteristics,
power factor, and efficiency, establishing it as the preferred choice for achieving high-
performance, low-ripple motor operation.

5. Experimental verification
To validate the accuracy of the simulation model, an experimental prototype was fabricated

according to the motor specifications. A photograph of the experimental prototype and its
segmented skewed rotor is presented in Fig. 10.
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Fig. 10. Experimental prototype and a photograph of the segmented skewed rotor

A test bench was established, as shown in Fig. 11, comprising nrimarily a prime mover, a
torque transducer, a power analyzer, and a data acquisition system. E:¢serimental data acquisition
is illustrated in Fig. 12. The tests aimed to measure the no-load vacnEMF at rated speed and the
load current under conditions identical to the FEA simulaiions enabling a direct comparison
with the simulated results to validate the model's reliability.

Fiy. 11.Outer-rotor prototype test bench
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Fig. 12. Experimental data acquisition
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To validate the accuracy of the simulation model, the prototype was driven to its rated speed
by a prime mover. The line-to-line no-load back-EMF at rated speed was measured using a power
analyzer. The comparison between the experimental and FEA results is shown in Fig. 13(a).
Furthermore, the prototype current was measured under a 77% load condition and compared

with the simulated load current, as illustrated in Fig. 13(b). The corresponding RMS values are
summarized in Table 7.

Table 7. Comparison between FEA and experimental data

Comparison Item Experimental value FEA value Relative error (%)
No-load back-EMF RMS (V) 640.8 638.36 0.38
Load current RMS (A) 126.60 127.71 0.87
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Fig. 13.(a) Line-to-line no-load back-EMF; (b) load current

Minor discrepancies exist in the no-load back-EMF and load current, with relative errors of
0.38% and 0.87%, respectively. These primarily arise from measurement system accuracy,
manufacturing and assembly tolerances, and the idealized assumptions inherent in the simulation
model. Overall, the results demonstrate that the established finite element model accurately
captures the electromagnetic characteristics of the actual motor. This not only validates the
reliability of the model itself, but also further substantiates the effectiveness of the preceding
segmented skew angle optimization analysis, thereby providing credible experimental support
for relevant engineering applications.
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6. Conclusion

To address the pronounced issue of torque ripple in high-power mining ORPMMs, this paper
presents an optimized design method based on segmented rotor step-skewing, systematically
validated through analytical calculation, finite element simulation, and experimental testing. The
main conclusions are as follows:

1. An analytical model for cogging torque is derived based on the energy method, and a
calculation formula for the optimal skew angle applicable to outer-rotor motors was proposed.
This angle is determined jointly by the pole-slot combination and the number of segments.

2. With an 8-segment step-skew and a skew angle of 1.09°, the peak-to-peak cogging torque
was reduced from 2666 N-m to 8.6 N-m, achieving an attenuation rate of 99.7%.

3. A skew angle of 1.09°significantly improved the waveform distortion while ensuring a
minimal reduction in the no-load back-EMF RMS value of only 0:64%. The load torque ripple
was reduced from 11.70% to 3.31%, a suppression of 72.05% with.an average torque loss of
less than 0.35%.

4. The prototype test results show close agreement svithte simulation data, with relative
errors of 0.38% for the line-to-line no-load back-EMF-2N!S alue and 0.87% for the load current
RMS value, thereby validating the accuracy and engiieering feasibility of the developed method.
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