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Abstract—Cogging torque, an undesirable pulsating
torque inherent in permanent magnet (PM) machines, is
caused by the harmonic interaction between rotor flux and
airgap reluctance. Therefore, reducing cogging torque can
be achieved by minimizing the undesired harmonics of the
rotor flux. However, completely eliminating flux harmonics
to achieve a purely sinusoidal flux is challenging,
especially for interior-PM machines. As an alternative
approach, this paper presents a new design method for
suppressing cogging torque by configuring the specific
odd-order harmonics of the rotor flux. Specifically, the
desired flux harmonics is configured by artificially shaping
the rotor profile to modulate even-order rotor reluctance
harmonics. The proposed method requires minimal
parametric design and has minimal impact on other critical
performance aspects of the machine due to the limited
changes made to its structure. This paper provides a
comprehensive implementation pathway for the proposed
method, supported by detailed analysis through multiple
case studies. Furthermore, the effectiveness of the
proposed method is validated through extensive
simulations and experiments, confirming its capability to
suppress cogging torque and overall torque ripple.

Index Terms—Permanent magnet machines, torque,
design methodology.

[. INTRODUCTION

OGGING torque is an inherent and undesirable pulsating

torque in permanent magnet (PM) machines, which is
generated by the interaction between the rotating flux and the
non-uniform air-gap reluctance [1]. It can significantly impact
the starting and low-torque performance of PM machines,
resulting in torque fluctuations and impairing motor control
performance. Therefore, there is a strong motivation to mitigate
cogging torque in motor applications [2].

Extensive research has been conducted on cogging torque
reduction, leading to the development of diverse and effective
methods. These methods primarily involve structural design
[3]-[20], with some also incorporating motor control technique
[21]. Structural design approaches can be further classified into
stator-based design [3]-[8], rotor-based design [9]-[17], the
exploration of various pole-slot combinations [18], and design
optimization for multiple structural parameters [19]-[20].
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Firstly, stator-based design methods have been employed to
reduce cogging torque by optimizing the stator shape. The
influence of key parameters such as slot opening, tooth profile,
and tooth-tip shape on cogging torque has been thoroughly
studied [3], [4]. Moreover, unconventional stator structures,
including dummy slots [5], slot-opening shifts [6], skewed slots
[7], and asymmetric assembly [8], have been proposed to
effectively mitigate cogging torque and have shown promising
results.

Secondly, rotor-based designs have focused on configuring
the rotor magnetomotive force (MMF) harmonics to minimize
cogging torque. Researchers have explored the use of different
PM shapes [9]-[11] and asymmetric magnetic pole designs,
such as asymmetric interior PM (IPM) [12], [13] and surface-
mounted PM structures [14], [15]. Additionally, techniques like
skewing and segmental shifting of PMs have been studied [7],
[16], [17] for their effectiveness in reducing cogging torque.

Moreover, the combination of the number of poles and slots
[18], as well as the global optimization of multiple structural
parameters [19], [20], have been recognized as crucial factors
influencing cogging torque and have been investigated
accordingly.

Furthermore, motor control methods have been utilized to
suppress cogging torque by injecting current harmonics into the
armature windings. This generates a pulsating torque in the
opposite direction of the cogging torque, effectively canceling
it out [21].

However, the classical methods mentioned above tend to
introduce undesirable effects, such as: 1) skewed slots, skewed
poles increase the manufacturing and assembly costs; 2)
dummy slots reduce the airgap flux density and torque density;
3) asymmetric poles cause the magnetic field distortion; 4)
current injection generates additional losses; 5) pole-slot
matching limits the flexibility of the motor applications.
Therefore, the development of cogging torque suppression
methods with fewer undesirable effects is crucial and warrants
further research.

In this paper, a new method for cogging torque suppression
based on flux harmonic configuration (FHC) is proposed. It
aims to reduce the cogging torque of IPM machines by shaping
the rotor core profile. A clear and effective methodological path,
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based on the principle of harmonic interaction, is presented and

validated through extensive case studies. The contributions of

this paper can be summarized as follows:

1) This paper presents a clear optimization path to achieve
significant suppression of cogging torque by changing only
a few structural parameters.

2) The proposed method causes less degradation of other
important electromagnetic properties of PM machines,
while effectively reducing overall torque ripple.

3) The method can be extended to other machine structures
troubled by cogging torque, such as axial-flux PM
machines and PM linear machines.

The paper is organized as follows: Section II develops the
cogging torque model based on the harmonic interaction. In
Section III, the implementation of the proposed FHC method is
elaborated. Section IV presents a comprehensive investigation
of several motor case studies with different topologies.
Additionally, Section V evaluates the effectiveness of the
proposed method through simulations and experiments. Finally,
Section VI concludes the paper.

II. HARMONIC MODEL OF COGGING TORQUE

Cogging torque arises from the interaction between rotor flux
harmonics and uneven airgap magnetic reluctance harmonics
caused by slotting. Therefore, to accurately analyze the cogging
torque characteristics, it is essential to investigate the harmonic
components of both the rotor flux and airgap reluctance.

A. Harmonic Forms of PMSMs

In the presence of motor manufacturing imperfections and
unique structural designs, cogging torque can exhibit irregular
harmonic patterns, including low-order harmonics associated
with the mechanical cycle and an amplified magnitude [22]. To
establish a standardized model and streamline the analysis of
cogging torque, the following assumptions are proposed:

1) Rotor flux harmonics only include odd-order harmonics
corresponding to the electrical period, disregarding even-
order harmonics or mechanical period harmonics caused
by uneven magnetization of the PMs, asymmetric pole
shaping, or rotor eccentricity.

2) The period of airgap reluctance harmonics is defined as the
distance between adjacent tooth centers, disregarding
mechanical period harmonics resulting from asymmetrical
tooth design or manufacturing imperfections.

For regular structures with symmetric magnetic poles, the
rotor MMF can be expanded in Fourier form as

> vy—1
E.(Om, t) = Z(_l)TAFr(Vr) COS(VrpN(em - wmt)) (1)

where v, is the harmonic order of the rotor MMF with v, =
1,3,...,(2n 4+ 1). Ap, is the amplitude of the v,.th rotor MMF
harmonic, py is the number of pole-pairs, 6,, is the mechanical
angle, w,, is the mechanical speed, and t is the running time.

Furthermore, the slotting causes non-uniformity of the airgap
reluctance along the circumference, which can be represented
in the following spatial harmonic form

As(Bm) = D Mas(v2)c05(v2Z16) e

where vz is the slot harmonic order, for symmetrical slot
structures with vz = 0,1, 2, ...,n. A, is the amplitude of vzth
slot harmonic, Z; is the number of slots.

Therefore, according to (1) and (2), the unified expression for
the air-gap flux density with slotting effect is as follows

BJH (em' t) = F;’(Hm' t)As (em)/SJ

= Z z %Aﬁ’ (VT)AAS (VZ) [COS((vrpN - vZZl)em (3)
s
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- rprmt) + COS((VrpN + szl)em - Vrprmt)]
where S is the active area of the air-gap.

B. Harmonic Model of Cogging Torque

The cogging torque can be accurately calculated using the
energy method. Under no-load conditions, the magnetic energy
in the airgap is given by

BtSH (em' t)z
W6Mag - J-Z—uo

where p is the vacuum permeability, Vs is the active volume

dVs “4)

of the airgap.
Next, the cogging torque can be calculated by
aVVSMag
Teog = — 5
cog et (5)

where its simplified expression of cogging torque is given by
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where K is a coefficient related to the motor dimensions; v,
and v,., are the order of the rotor MMF harmonics; vz, and v,
are the order of the slot harmonics; w, is the number of cogging
torques, subject to the following constraints

W € CM((Vrl t Vrz)pN' (V21 t VZZ)Zl) * W (7)

where CM is the function of common multiple.

In summary, the cogging torque is determined by the specific
combinations of the rotor MMF and slot harmonics. Fortunately,
cogging torques of the same order generated by different
harmonic combinations only differ in amplitude, while their
phase angles are either the same or opposite.

Taking the widely used three-phase PM machine as an
example, the cogging torque can be expressed in the following
periodic form

+00

Tch (ch) Sin(vcgpN wmt) (8)
vcg=6,12,...,6n

Tcog =

where v¢g is the order of cogging torque, veg = 6,12, ..., 6nm,



Tegn 1s the amplitude of the v gth cogging torque.

C. Relation Between Flux Harmonic and Cogging Torque

To illustrate the relationship between rotor MMF harmonics,
slot harmonics, and cogging torque orders, TABLE I provides
the typical combinations of effective cogging torque for three-
phase PM machines. Notably, it is evident that multiple
combinations of rotor MMF harmonics can generate cogging
torque with the same order, and the resulting cogging torque
may exhibit either positive or negative values depending on the
specific MMF combinations employed.

TABLEI
ILLUSTRATION OF COGGING TORQUE HARMONIC LAWS

Combination of slot

Order of Combination of rotor . .
cogging torque MMF harmonics }Eﬁ{mo.mc)s Initial phase
exists
Vr1,vr2) = (1,5) 180 deg
Vr1vr2) = (1,7) (s + v23) 0 deg
= - Vz1 T V72
Veg =6 Ve, Vi) = (3,3) = 6py /2. 180 deg
Vr1vr2) = (3,9) 0 deg
(Vr1,vr2) = (1,11) 0 deg
(V1 vr2) = (1,13) ) ) 180 deg
— _ Vz1 £ V7,
Veg = 12 Ve, vr2) = (3,9) =~ 12py /2, 0 deg
Vr V) = (5,7) 0 deg
Ve, Vi) = (1,17) 180 deg
v =18 (Vr1vr2) = (1,19) (vz1 £ vg2) 0 deg
& (Vp1, V) = (3,15) = 18py/Z, 180 deg

More specifically, taking the 6™ cogging torque (T,oq(6))
exhibited by a 4-pole, 12-slot motor as an example, according
to (6), (7) and TABLE I, it mainly originates from three cogging
torque components of the same frequency, as shown below:

Tcog(6) = Tcog.l + Tcog.z + Tcog.3
Tcog.l = —KcApr (1) Apr (5)ApsoMast SIn(6py wp, t)
Tcog.z = KcApr (D) Ap (7)ApsoMast Sin(6py wy, t)
Tcog.3 = —KcApr(3)Ap, (3)ApsoAast SIN(6py Wiy t)
where Apgg, Apgq Tepresent the 0™ and 1%t harmonics of the
airgap reluctance, respectively. It can be observed that the 6th
cogging torque is influenced by the 3%, 5% and 7" harmonics
of the rotor MMF flux. Therefore, in theory, modifying any of

these harmonics can alter the existing cogging torque, either
increasing or decreasing it.

(€))

Ill. FHC-BASED COGGING TORQUE SUPPRESSION

Based on the conclusion that changing rotor MMF harmonics
can reduce cogging torque, this section provides a detailed
description of the method to construct the rotor reluctance by
altering the rotor surface shape to achieve the desired flux
harmonics.

A. Principle of FHC

The rotor reluctance can be expressed as a general harmonic
form of magnetic conductance as follows

Ko (O, t)
Ver—1 (10)
= Kpo + (—1)" 2 Kau(Vsr)cos (Vsroy (O — wpyt))

where Kp is the constant component, vy, is the conductance
harmonic, and K,y is the amplitude of the vg,.th harmonic.
Since the fundamental component of the rotor MMF is the
most significant, the rotor reluctance harmonic primarily
interacts with it, resulting in changes in flux harmonics. By
combining (1) and (10), their interactions are as follows

Fe (O, t) = Fr(vr:1) (O, ) K5 (O, 1)
= Apr1Kpo cos(py (6 — wpt)) +

(_ 1)1/5FT_1 AFrlKAH (Vsr)
2
where Ag,4 is the fundamental component of the rotor MMF.
In summary, the rotor reluctance with a specific harmonic
(vsr) interacts with the fundamental rotor MMF, generating two
forms of flux harmonics, i.e., the (vs £+ 1)th flux harmonics.
Fig. 1 illustrates the harmonic interaction between the 4th rotor
reluctance harmonic and the fundamental rotor MMF.
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Fig. 1. lllustration of the proposed FHC method.

B. Reluctance Construction Method

This paper presents an approach to configure rotor reluctance
harmonics by altering the surface of the rotor core to achieve a
sinusoidal shape. The rotor core profile is defined by the
following function:

X(em) = |Rpc + Z Ry (Vsr) COS(VsrpNgm)) COS(em)
e (12)
Y(gm) = [Rpc + Z Ry (Vsr) coS(Vsr Py br) | Sin(6)

Vsr

where X and Y represent Cartesian coordinates corresponding
to the mechanical circumferential angle (6,, € [0, 27]), Ry
denotes the radius of the center line of the sinusoidal curve, and
Ry represents the amplitude of the sinusoidal curve.

Fig. 2 shows the schematic of constructing different
reluctance harmonics by modifying the rotor core profile. It
illustrates that by constructing even-order reluctance harmonics
(Vgr), the (Vg & 1)th flux harmonics can be generated.
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Fig. 2. Diagram of reluctance construction by changing the rotor profile.

C. Design Process

This section presents the design process of the proposed
method and provides design considerations for its application.
The flowchart, depicted in Fig. 3, illustrates the detailed steps
for optimizing the cogging torque, which include:

1) Preliminary research to determine the cogging torque order
of the initial motor.

2) Harmonic analysis to identify the rotor MMF orders that
influence the cogging torque.

3) Selection of an optimal FHC path to construct the specific
order of reluctance harmonic.

4) Parameter scanning for the selected reluctance harmonic.

Process Implementation Basis/Tools
Step-0: Preliminary Research the cogging torque FEM
Research characteristic of the initial motor
Step-1: Harmonic Analyze the impact of rotor MMF | | Egs. (6), (7)
Analysis harmonics on cogging torque and Table I
Step-2: FHC Choose a optimal reluctance Eq. (11)
Scheme Selection harmonic for configuration v, and Fig. 1
Step-3: Parametric Optimize the parameter of the Eq. (12)
Scanning | [rotor reluctance harmonic Ry(vs) and Fig. 2

Fig. 3. Design process for FHC-based cogging torque suppression.

Furthermore, it is crucial to consider the following factors
when determining the parameter scan range in Step-3 of the
flowchart: 1) The optimal reluctance parameter, Ry, is typically
smaller than the airgap thickness to prevent a significant
decrease in torque; 2) Higher-order FHC requires a narrower
search range as configuring higher-order fluxes is more
effective; 3) The cogging torque exhibits a distinct single-valley
characteristic, which allows for the determination of positive
and negative intervals for the optimal reluctance parameter
around its zero-crossing point.

D. Discussion on Additional Effects of the FHC Method

A desirable design method should not only help suppress
cogging torque but also consider overall motor performance.
Thereby, this section investigates the additional effects of the
proposed FHC method through theoretical analysis.

1) Influence on Average Torque
The influence on average torque stems from the increase in

effective airgap volume caused by the FHC. Assuming that the
maximum rotor outer diameter remains the same for both the
initial design and the FHC design, and the rotor leakage remains
unchanged before and after modifying the rotor surface, the
torque loss can be calculated as follows:

Ry
T. =
DTS+ Ry

(13)

where § represents the airgap thickness of the initial design.
Therefore, a smaller value of Ry is preferred.
2) Influence on Torque Ripple
The torque ripple in IPMSMs originates from the interaction
of field harmonics and can be expressed as follows:

T. = Tc0g+Trs(FrH:FsH) +Trr(FrH:ArH) (14)

where T, and T, represent the ripple in synchronous torque
and reluctance torque, respectively. F,y, Fgy, and Ay denote
the rotor flux harmonics, stator MMF harmonics, rotor
reluctance harmonics, respectively.

Although modifying the reluctance harmonics may affect the
ripple in synchronous torque and reluctance torque, effectively
suppressing cogging torque is typically beneficial in reducing
overall torque ripple as cogging torque is the most prominent
ripple in PMSMs.

3) Influence on Electromotive Force (EMF) Distortion

The vg,-th reluctance harmonic modulates the (v, + 1)-th
flux harmonics, resulting in corresponding changes in the back-
EMF. However, in cases where (v, + 1) is a multiple of 3,
cancellation occurs due to the star connection of the windings.
The remaining k -th harmonics are further reduced by the
winding pitch and distribution factors defined as follows:

k6 sin (qk_a)
Ky (k) = sin( 2”“) kg (k) = @ (15)

where 0,,; represents the coil pitch angle, q is the wingding
distribution number, and « is the electrical angle between the
distributed windings.

Consequently, the resulting EMF may be either increased or
decreased, depending on the amplitude and direction of the
initial flux harmonics and modulated reluctance harmonics.

4) Influence on Power Factor

Due to the fact that reluctance harmonic modulation does not
change the phase of the flux fundamental, it is theoretically
expected not to cause phase shift in the airgap working fluxes,
and thus not result in changes to the power factor.

IV. CASE STUDIES

To validate the efficacy and versatility of the proposed
method, three case studies were conducted on PM machines
with different IPM rotor types and pole-slot combinations, and
consequential different orders of cogging torque.

The main structural parameters were kept uniform to
facilitate a meaningful comparison of the different solutions.
These unified parameters are presented in TABLE II.



TABLE II
UNIFIED PARAMETERS OF CASE STUDIES

Parameter Value Parameter Value
Stator outer diameter 130 mm Stator inner diameter 75 mm
Ratio of slot opening 0.31 Air-gap thickness 1 mm

Ratio of slot depth 0.62 Tooth tip thickness 4 mm
Ratio of tooth width 0.40 Motor length 60 mm

A. Case Study I: 4P12S Horizontal IPM Machine

According to the implementation process illustrated in Fig. 3,
it is essential to investigate the dominant cogging torque order
before performing FHC. In this case, the relevant information
is presented in TABLE III. The table indicates that the 6th
cogging torque is primarily influenced by three specific flux
harmonics (v, = 3,5, 7), as indicated in TABLE I. Furthermore,
the corresponding reluctance harmonics (v, = 2,4,8) can
modulate these three flux harmonics accordingly, while the
reluctance harmonic (Vg = 6) can simultaneously modulate the
adjacent flux harmonics (v,, = 5,7 ). Consequently, these
specific reluctance harmonics are selected as optimizing
parameters to suppress cogging torque.

To clearly demonstrate the impact of parameter variations on
cogging torque, parametric scans are conducted for the four
FHC schemes. It is noteworthy that in these scanning processes,
only one parameter, i.e., the amplitude of rotor reluctance
harmonic Ry (vs), needs to be modified for each process. The
results of FHC optimization are illustrated in Fig. 4, showcasing

the scanning variations, waveform comparisons of cogging
torque, and electromagnetic torque (at a current density of
3A/mm?) between the initial scheme and the selected FHC
schemes, as well as the optimized FHC structures. From Fig. 4,
it is evident that all FHC approaches exhibit a significant
suppressing effect on cogging torque, with small changes in the
amplitude of reluctance harmonics

TABLE III
DOMINANT COGGING TORQUE AND ITS INFLUENCES OF CASE I
Dominant Noteworthy flux ~ Flux harmonic to Modulated

cogging torque harmonics be configured  reluctance order

(Vr1,vr2) = (1,5) vy =5 Vor = 4
(vrllVTZ) = (1r7) Vr = 7 Vsr = 8
Veg = 6 (Vr1,Vr2) = (1,5) and
! g v, =57 Ve =6
Vr V) = (1,7) " s
(Vr1,Vr2) = (3,3) vy =3 Vor = 2

Moreover, it is crucial to evaluate other key performance
indicators of the motor, including average torque ([n,s =
3A/mm?), torque ripple (peak-to-peak to average ratio), total
harmonic distortion (THD) of phase-to-phase back-EMF, and
power factor. These indicators collectively determine the
effectiveness of the proposed approach in this paper. The
comprehensive evaluation results are summarized in TABLE
IV. The comparison of these indicators reveals that the 3 FHC
in this case exhibits the best overall performance. Specifically,
it achieves a remarkable 67.4% suppression of cogging torque,
a 57.7% reduction in torque ripple, and a 55.0% reduction in
THD of line back-EMF.

— 1
§ _6
= — £
¥ £ z°
ve=2 o5 =) o 4%
— > 6 1 g =3
x I ~ 63
o) 1 < 2 |
&0 L ) I
-1 05 0 20 0 60 120 180 240 300 360
Ry (vg=2) [mm] Mechanical Angle [Deg] Electrical Angle [Deg]
Case Study I: 4P12S | (b) s
. . = T T T
Horizontal IPM Machine £ | | | —
= I I | = § 5
g I I 2
Va=4 g h ; Z L 4R
< ———> G | 1 g o |%
% s S3
o -0. | - =
A 5L{vo.208 1 2
\ B 0.5 0 0 60 120 180 240 300 360
m Ry (vg=4) [mm] Electrical Angle [Deg]
| [— H f ()
K / —1 3
//\ / § .
== —_ €
S L= ) e E.S R
5 £ g\
4 N S 3HY
= o ¥ =
o 0 2 | I 1
(a) 01 0 01 02 03 0 60 120 180 240 300 360
Ry (ve=6) [mm] Electrical Angle [Deg]
(m)
—_ 1 6
% . T T T T T
= —_ £
¥ £ 2°
Vg =8 & 05 zZ, 04
—> G g s
~ & .
3 - e
o

o

-1 -0.5
Ry (ve=8) [mm
(n)

I
.
0
]

0 10 20 30
Mechanical Angle [Deg]

0 60 120 180 240 300 360
Electrical Angle [Deg]

(0) (9] (@

Fig. 4. Study of Case I. (a) represents the initial motor structure; (b), (f), (j), (n) depict parameterized scans for different cases; (c), (9), (k), (0)
show waveform comparisons of cogging torque between the selected FHC schemes and the initial scheme; (d), (h), (1), (p) illustrate structural
details of the selected FHC schemes; (e), (i), (m), (q) display waveform comparisons of electromagnetic torque at current density of 3A/mm*2.



TABLE IV
COMPREHENSIVE PERFORMANCE COMPARISON OF CASE I
Scheme Peak of  Average Torque  THD of Power
Teog (Nm) torque (Nm) ripple (%) EMF (%) factor
Initial design 0.536 425 53.41 11.1 0.93
34 FHC (v, = 2) 0.175 428 22.61 5.0 0.96
5% FHC (v = 4) 0.208 3.92 39.99 23.6 0.94
th th
Stand TRFHC 4 546 424 36.63 147 093
(vsr = 6)
7" FHC (vg, = 8) 0.204 3.58 36.74 23.8 0.94

B. Case Study II: 4P18S Double-1 IPM Machine

In this case study, a fractional-slot structure with 4 poles and
18 slots was investigated. Due to the relatively large least
common multiple of the pole and slot numbers, the cogging
torque exhibits a relatively high frequency, and its magnitude is
not pronounced. The dominant order of the cogging torque and
the combination of flux harmonics influencing it can be found
in TABLE V. It can be observed that, theoretically, the cogging
torque can be suppressed in this structure by constructing the
16th, 20th, 18th, and 2nd harmonics of rotor reluctance.

Similar to Case-I, parametric scans are performed on the four
FHC approaches in this case. The optimization results are
shown in Fig. 5. It can be observed that the structural
modifications in this case are minimal, owing to the relatively
small magnitude of the high-order flux harmonics. Specifically,
in the high-order FHC approaches, the optimized parameters of
Ry(16), Ry (20), and Ry (18) are only -0.08mm, -0.03mm,
and 0.02mm, respectively. This indicates that their impact on

average torque loss is minimal. However, their effectiveness in
reducing cogging torque is significantly pronounced.

TABLE V
DOMINANT COGGING TORQUE AND ITS INFLUENCES OF CASE IT
Dominant Noteworthy flux Flux harmonic to ~ Modulated
cogging torque harmonics be configured reluctance order
(Vr1,vr2) = (1,17) v, =17 Ver = 16
(Vr1,vr2) = (1,19) v, =19 Vor = 20
Ve =18 (v,,v,5) = (1,17) and
Grav) = (,19) T e =S
(vr1,vr2) = (3,15) vy =3 Vor = 2

The overall performances of the optimal FHC schemes and
the initial scheme are comprehensively compared and
summarized in TABLE VL

TABLE VI
COMPREHENSIVE PERFORMANCE COMPARISON OF CASE II
Scheme Peak of  Average Torque  THD of Power
Tcoc (Nm) torque (Nm) ripple (%) EMF (%) factor
Initial design 0.128 4.06 10.7 3.01 0.93
17" FHC (ve, = 16)  0.024 4.05 17.28 6.01 0.93
19" FHC (ve, = 20)  0.034 4.06 8.81 2.40 0.93
th th
[70and 19° FHC 4 56 4.06 1326 339 093
(vsr = 18)
3" FHC (v, = 2) 0.002 3.84 1.75 2.26 0.97

The results of the comparison indicate that the 19th FHC
design demonstrates excellent overall performance, achieving a
remarkable 73.4% reduction in cogging torque and a 17.7%
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Fig. 5. Study of Case Il. (a) represents the initial motor structure; (b), (), (j), (n) depict parameterized scans for different cases; (c), (g), (k), (0)
show waveform comparisons of cogging torque between the selected FHC schemes and the initial scheme; (d), (h), (1), (p) illustrate structural
details of the selected FHC schemes; (e), (i), (m), (q) display waveform comparisons of electromagnetic torque at current density of 3A/mm*2.
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decrease in torque ripple. Additionally, it is worth noting that
the 3rd FHC design exhibits the best suppression effects on both
cogging torque and torque ripple. However, it is important to
consider that the average torque is reduced due to the reduced
width of the PMs.

C. Case Study lll: 4p24s Delta-Type IPM Machine

The final case examines a typical pole-slot combination
commonly employed in electric vehicle applications, such as
8p48s and 6p36s motors. In this scenario, the lowest order of
cogging torque is the 12th harmonic, which is also the most
significant, as indicated in TABLE VIIL.

TABLE VII
DOMINANT COGGING TORQUE AND ITS INFLUENCES OF CASE 111
Dominant Noteworthy flux Flux harmonic to  Modulated
cogging torque harmonics be configured reluctance
(Vr1, V) = (1,11) v, =11 Ver = 10
v, =12 (Vru V) = (1,11) and — —
g e S 2 (143) v, = 11,13 Vg =12
(Vr1, V) = (1,13) v, =13 Vor = 14

For the purpose of cogging torque suppression, the FHC
approaches with reluctance harmonics vy, = 10,12,14 were
chosen for this case study. The parametric scans and
optimization results for cogging torque, rotor structure, and
electromagnetic torque are presented in Fig. 6. Notably, all
FHC approaches exhibit effective reduction of cogging torque
while introducing minimal changes to the rotor surface. The
optimized parameters for the three FHCs are as follows:
Ry(10) = 0.16 mm, Ry(12) = —0.04 mm, and Ry(14) =
0.06 mm. A comprehensive evaluation of the overall
performance for these optimized schemes is provided in
TABLE VIII, highlighting that the 11th FHC achieves
favorable overall performance. It demonstrates a remarkable
74.2% reduction in cogging torque, a significant 51.3%
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IS o
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reduction in torque ripple, and an improvement in the THD of
the back-EMF to some extent.

To validate the proposed method experimentally, motor
prototypes were manufactured for both the optimized 11th FHC
scheme and the initial scheme. The stator and rotor steel
laminations of these prototypes are depicted in Fig. 7. Upon
comparing the structures, it can be observed that the alterations
made to the rotor surface are not substantial. This suggests that
the effective airgap volume will not experience a significant
increase, thereby avoiding a reduction in the output torque.

TABLE VIII
COMPREHENSIVE PERFORMANCE COMPARISON OF CASE II1

Scheme Peak of  Average Torque  THD of Power
Tcoc (Nm) torque (Nm) ripple (%) EMF (%) factor

Initial design 0.182 4.51 26.9 4.17 0.98

11" FHC (v = 10)  0.047 4.52 13.1 388 098

th th
Pand 13T FHC ) 45 4.50 16.8 212 098
(Ver = 12)
13" FHC (vg, = 14)  0.052 4.50 26.0 5.92 0.98

Fig. 7. Comparison of steel laminations between the 11th FHC scheme
and the initial scheme of Case III.



V. COMPREHENSIVE INVESTIGATION AND VALIDATION

In general, the effects resulting from the cogging torque
suppression method may be more significant than the cogging
torque itself. These effects can include potential THD of the
back-EMF, increased torque ripple, decreased average output
torque, and so on. Therefore, it is essential to conduct a
comprehensive investigation into these additional effects. In
this section, Case III is thoroughly analyzed.

The experimental validation includes cogging torque testing
and load torque testing. The prototypes and testing platforms
are illustrated in Fig. 8. It is notable that cogging torque testing
is conducted using weight measurement, while load torque
testing is performed using torque transducer measurement.

Initial Motor Optimized Motor

Load Torque Platform

Torque
ducer

ey

Fig. 8. Mbtor prototypes and testing platforms.
A. No-Load Performance Validation

Cogging torque tests were conducted on both the initial and
optimized motors using a weight measuring platform, as shown
in Fig. 8. The comparison of cogging torque between the initial
and optimized motors, based on both simulated and tested
results, is presented in Fig. 9.
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Fig. 9. Cogging torque comparison between simulation and test results.

The comparison indicates a close agreement in cogging
torque magnitude between the FEM and test results. However,
certain differences are observed in the higher-order cogging

torque components, particularly in the optimized motor.
Nevertheless, it is worth mentioning that the optimized motor
exhibits a significant reduction in cogging torque.

The phase-phase back EMFs of the two motors were also
tested to verify their manufacturing accuracy. Fig. 10 illustrates
the comparison of the back EMF waveforms between FEM
simulation and experimental results for both motors, with a
controlled speed of 360 rpm. The comparison reveals a strong
agreement between the simulated and measured values, thereby
confirming the manufacturing accuracy of the motors.
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Fig. 10. Comparison of line back-EMF between the initial motor and the
optimal motor. (a) Simulation results. (b) Experimental results.

B. On-Load Performance Validation

In order to compare the rated load performance between the
initial motor and the optimized motor, both motors were
subjected to the same controller, control parameters, and load
conditions. The experimental platform is shown in Fig. 8, and
the measured three-phase currents and shaft torque for one
mechanical cycle of both motors are presented in Fig. 11.

From the comparison, it can be observed that both motor
current waveforms exhibit good sinusoidal characteristics,
indicating minimal additional torque ripple caused by current
harmonics. In terms of torque, the two motors demonstrate
similar torque output capabilities, while the optimized motor
exhibits noticeably reduced torque ripple compared to the initial
motor.
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Fig. 11. Measured currents and torque waveforms under load conditions.
(a) Initial motor. (b) Optimal motor.

Moreover, the torque ripple of both the initial and optimized
motors was analyzed using FEM simulation and experimental
testing under load conditions corresponding to approximately
33%, 66%, and 100% of the rated load. The comparative
simulation results are presented in Fig. 12, while the
comparative experimental results are shown in Fig. 13. The
figures clearly demonstrate the varying degrees of torque ripple
suppression achieved by the proposed FHC design method



across different load conditions.
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Fig. 12. Simulation torque comparison under different load conditions.
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Fig. 13. Test torque comparison under different load conditions.

C. Tolerance Analysis on the Proposed Method

The effectiveness of cogging torque suppression in the
presence of rotor manufacturing errors is investigated through
Monte Carlo analysis in a fault-tolerant framework [23]. Each
pole-pair's rotor surface is modeled using ten segmented curves,
where each segment corresponds to a single-period cosine
function. The amplitude of the cosine function is determined by
the coefficient 1¢; (i = 1,...,10) , with 1;; = 1 indicating
error-free manufacturing. To simulate manufacturing errors, the

sampling process incorporates a variation range of 90% to 110%

for each r¢;, facilitating the determination of peak cogging
torque values under diverse error parameter combinations. A
schematic diagram depicting the variation of r¢; (i = 1, ...,10)
within one pole pair range is shown in Fig. 14.

v Tce
=

Fig. 14. lllustration depicting the variation of coefficients r;.

The cogging torque response exhibits a normal distribution
under parameter variations, as illustrated in Fig. 15. The normal
distribution is characterized by a mean value of 47.121 mNm
and a standard deviation of 6.093 mNm. The failure domain is
defined as the region surpassing 150% of the mean value, which
corresponds to approximately 70 mNm. Notably, the sigma

level reaches 3.0137, resulting in a remarkably low failure
probability of only 0.258%. This indicates that the proposed
method demonstrates excellent robustness.
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Fig. 15. Distribution of peak cogging torque under parameter variations.

VI. CONCLUSION

In this paper, a harmonic model of cogging torque in PMSMs
is developed, revealing that the cogging torque can be
suppressed by configuring the odd rotor flux harmonics through
shaping the rotor profile to modulate the even rotor reluctance
harmonics. In conclusion, the following conclusions can be
drawn.

1) The proposed method has proven to be highly effective in
suppressing cogging torque, as demonstrated through case
studies involving various rotor structures and pole-slot
combinations of PMSMs. Moreover, the tolerance analysis
conducted on the proposed method highlights its excellent
design tolerance capability.

2) The method is highly applicable and easy to implement
since it only requires shaping the rotor profile. The paper
presents different FHC paths as references, allowing for a
rational selection that can effectively reduce cogging
torque without compromising other crucial performances.

3) The proposed FHC method has good compatibility with
other cogging torque suppression techniques, such as the
skewed rotor and stator dummy slot methods. By
combining these methods, it becomes possible to achieve
further deep suppression of cogging torque.
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