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This paper proposes a novel rectangular modulated tooth arrangement suitable for Permanent-Magnet Vernier

(PMV) motors. The proposed special arrangement of modulated teeth can significantly reduce the machine

cogging torque while maintaining torque density without added complexity. Firstly, a theoretical model of

cogging torque generation in unevenly spaced split-tooth (USST) PMV motors is derived, and a mathematical

relationship between the modulated tooth structure and cogging torque is established. Then, a 20-slot, 62-pole

PMV motor is optimized and compared to a traditional modulated tooth arrangement. Finally, a finite-element

model is used to analyze the torque, cogging torque, and losses. The results demonstrate the effectiveness of the

new arrangement in reducing cogging torque.
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1. Introduction

Due to their superior low-speed high-torque performance,

the Permanent-Magnet Vernier (PMV) motors hold

significant potential for applications in wind power

generation, marine propulsion, and oil field extraction [1].

Currently, the research on PMV motors focuses on the

synergistic enhancement of torque density and power

factor, alongside loss suppression [2]. However, there is a

scarcity of literature devoted to reducing the cogging

torque and torque ripple in PMV motors, even though it is

well known that PMV motors develop significant cogging

torque because of their strong no-load magnetic field [3].

Cogging torque control is vital in Permanent-Magnet

(PM) motors. It is caused by the interaction between the

PMs and the stator core when the motor windings are

unenergized [4]. Cogging torque produces noise and

vibration, particularly at low speeds [5, 6]. Due to their

high torque density and low speeds, PMV motors are

often used in direct electric drive systems [7]. However,

their low-speed operation and complex modulated tooth

arrangements exacerbate the cogging torque issue,

necessitating the need to study the cogging torque in

PMV motors for improved stability of direct electric drive

systems [8].

The existing approaches to reducing cogging torque

include altering the quantity and configuration of PMs

[9], modifying the modulation teeth amplitude [10, 11],

and utilizing unevenly spaced split-tooth (USST)

arrangements [12, 13]. The USTS-PMV motors maintain

a constant number of modulation teeth while splitting the

modulation teeth into sets, each comprising at least two

teeth. Research demonstrated that by modifying the duty

cycle of the modulation teeth or the relative positioning of

each set of modulation teeth, it is possible to effectively

reduce the magnetic resistance of the working sub-

harmonic flux paths. This reduction, in turn, enhances the

amplitude of the working sub-harmonics and yields better

torque density [14-16].

The USST-PMV motors exhibit good low-speed, high-

torque characteristics. However, compared to the high-

torque-density magnetic field modulation motors with

multi-layer air gaps, their torque density is still inferior.

Moreover, the increased cogging torque ripple negatively

affects system stability and elevates noise [17]. This study

analyzes theoretically the relationship between the non-

equidistant modulation tooth arrangement and cogging

torque in USST-PMV motors, considering the pole-

changing modulation and field-circuit collaboration.

Finite-element method (FEM) simulations are conducted

to verify the correctness of theoretical results [18-21].
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This structure of this paper is organized as follows:

Section 2 presents the new modulated tooth design,

highlighting the differences from the existing modulated

tooth arrangements. Section 3 analyzes the mechanism by

which modifications in the modulated tooth arrangement

alter the air gap permeance, thereby achieving suppression

of cogging torque. Sections 4 and 5 validate the

effectiveness of the new modulated tooth design in

suppressing cogging torque via finite element analysis of

a 62-pole, 20-slot PMV motor with different modulated

tooth designs.

2. Structure and Characteristics of Unevenly 
Spaced Split-tooth Arrangement

The modulation tooth arrangement in an evenly spaced

split-tooth (ESST) PMV motor is shown in Fig. 1 (I). For

each modulation tooth, the angles of the modulation and

stator slot openings are equal (hereinafter referred to as

Structure I). Structure I splits two virtual tooth structures

on the same stator tooth, with the split teeth acting as

modulation poles. This structure increases the frequency

of the main working harmonics, thereby enhancing the

torque density. An existing USST-PMV motor with

exhibits enhanced torque performance is shown in Fig. 1

(II) (hereinafter referred to as Structure II). In this

arrangement, the modulation teeth are grouped in pairs.

For Structure II, the relationship between the modulation

tooth slot angle α*, the modulation tooth slot opening

angle β*, and the slot opening angle γ* is .

Although Structure II improves torque density, it exacer-

bates magnetic flux leakage and worsens losses. A USST-

PMV motor with modulation teeth arranged in sets of

four is illustrated in Fig. 1 (III) (hereinafter referred to as

Structure III). For Structure III, the relationship between

angles α* (the modulation tooth slot), β* (the slot opening

angle of the second slot in each tooth set and the

modulation tooth slot opening), and γ* (the slot opening

angle of the first slot in each set) is .

Related studies indicate that by altering the relative

positions of the modulation teeth within each set, it is

possible to effectively reduce the magnetic resistance of

the working harmonic magnetic flux paths. This means

that by increasing the amplitude of the working harmonic,

it is possible to enhance the torque density. The amplitude

of cogging torque is primarily determined by the air gap

permeance, while its periodicity is dictated by the

alignment between the stator teeth and PMs. Therefore,

by analyzing the effect of the modulated tooth arrange-

ment on air gap permeance, it is possible to determine

whether it can suppress cogging torque and identify the

specific structural parameters required for this suppression.

The following section will analyze the air gap permeance

of the three structures.

3. Principle of Cogging Torque Reduction

To demonstrate the performance of USST arrangement

in reducing the cogging torque in PMV motors, the

following discussion utilizes the basic theories of pole-

changing modulation and magnetic circuit cooperation to

derive a theoretical relationship between the USST

arrangement and the cogging torque in PM motors.

By substituting the Fourier expression for the magnetic

conductivity function of the split-tooth PMV motor into

the expression for cogging torque, the following relation-

ship between the cogging torque and air gap permeance

Gn can be obtained:

 (1)

where,

 (2)

 (3)

In Equations (2) and (3), La is the axial length of the

armature core, R1 and R2 respectively represent the inner
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Fig. 1. (Color online) Different Modulation tooth structure I, II and III.
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and outer diameters of the motor. n is the harmonic order

of the air gap permeance that affects the cogging torque,

Z is the number of armature teeth, and α is the electrical

angle between the stator and rotor.

The magnetic conductivity model of the ESST arrange-

ment of Structure I is shown in Fig. 2. The expression for

its magnetic conductivity is as follows:

 (4)

For the ESST arrangement of PMV motors, the cogging

torque is minimized only when n=1, 3, 5, 7, 21, 35, 37,

91, 95, …

Analyzing the air gap permeance model of the USST

arrangement in Structure II, shown in Fig. 3, yields the

following expression for the motor air gap permeance :

 (5)

The relationships between β, β*, γ, γ* and α for Structure

II can be expressed as follows:

(6)

The motor air gap permeance model for the modulation

tooth Structure III is shown in Fig. 4. The expression for

the motor air gap permeance is as follows:

 (7)

The relationships between β, β*, γ, γ* and α in Structure

III can be expressed as follows:

(8)

From Equations (5) and (7), the air gap permeance Gn

vanishes in a USST-PMV motor for certain angles. Even

if n is not the value that minimizes the cogging torque of

Structure I, it can still be effectively reduced by adjusting

angle γ*. 

4. Finite-element Validation

To validate the accuracy of the theoretical results,

models of PMV motors with 62 poles and 20 slots were

created (motor parameters are listed in Table 1) using

FEM. The models for Structures I, II, and III are shown in

Fig. 1. Note that when α*=4.5° for Structures II and III,

their motor modulation tooth arrangement becomes

identical to that of Structure I. The motor structure is

shown in Fig. 5. 

Fig. 6 compares the back electromotive force (back-

EMF) of the three different modulation tooth arrange-

ments, while their harmonic spectra are shown in Fig. 7.
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Fig. 2. (Color online) Airgap permeance function of modula-

tion tooth I.

Fig. 3. (Color online) Airgap permeance function of modula-

tion tooth II.

Fig. 4. (Color online) Airgap permeance function of modula-

tion tooth III.

 Table 1. Parameters of USS-PMV motor.

Parameters Value

Number of slots, Ns 20

Pole pairs of PMs, Pr 31

Number of modulation teeth, Nst 40

Stator outer diameter, Do(mm) 70

Rotor outer diameter, Do(mm) 60

Length, Ls(mm) 60

Air gap thickness, d (mm) 0.5

Thickness of PMs, Hpm(mm) 2

Angle of the tolerance teeth, α*(deg) 4.5

Width of the armature teeth, L(mm) 6.25

Pole arc coefficient 1

Number of turns per coil per slot, Ntum 42
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It can be observed that the variations in the stator

modulation teeth arrangement slightly modify the back-

EMF. Structure II exhibits the highest back-EMF, while

Structure III shows only a slight improvement in the

back-EMF. 

Overall, the different modulation tooth arrangements

have minimal impact on the waveform of the motor open-

circuit EMF.

At the peaks of the evenly spaced teeth, the waveform

exhibits a sharp peak and appears more sinusoidal. The

peak values of the back-EMF are approximately 45.1 V.

The back-EMF of USST motor slightly increases.

For Structure II, the fundamental amplitude increases

from 45.1 V to 52.8 V, i.e., by 17%, whereas for Structure

III from 45.1 V to 46.7 V, i.e., by 3.5%.

The cogging torque and average torque of Structures II

and III are compared in Fig. 8 The trends of the average

torque with respect to the stator slot opening angle are

essentially the same. However, the average torque of

Structure III is overall lower than that of Structure II but

higher than that of Structure I. Even though it is not at the

Fig. 5. (Color online) Optimal motor's structure of modulation

tooth II and III.

Fig. 6. (Color online) back-EMF of the modulation tooth

structures I, II and III.

Fig. 7. (Color online) Harmonic spectra of structures I, II and

III.

Fig. 8. (Color online) Cogging torque and average torque of

structures I, II and III.

Fig. 9. (Color online) Iron loss of structures II and III.

Fig. 10. (Color online) Eddy-current loss of structures II and

III.
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optimal point for torque performance, both structures

exhibit only minimal torque ripple around γ* of approxi-

mately 2.5-2.8°.

Fig. 9 exhibits the iron loss of both structures under

rated load conditions. It can be observed that the iron loss

of Structure III is slightly reduced. At the optimal torque

point of 2.5° for Structure II and 2.75° for Structure III,

the iron loss of Structure III decreases from 63.7 W to

58.7 W compared to Structure II, representing a reduction

of approximately 8%.

Fig. 11. (Color online) Vibration mode shape diagram of structures II and III.



Journal of Magnetics, Vol. 30, No. 3, September 2025  271 

The eddy-current losses of both structures are presented

in Fig. 10, where it can be observed that the eddy-current

loss of Structure III is slightly higher than that of

Structure II. At the optimal torque point of 2.5°, the eddy-

current loss of Structure III is 9.9 W, which is 1.3 W

higher compared to the optimal eddy-current loss of

Structure II at 2.7°.

The total loss of Structure III is 68.6 W, and the loss of

Structure II is 72.3 W, representing a decrease of

approximately 5.1%. 

FEM simulations were conducted to examine the

structural modes of the stator to prevent resonance

occurrence and accurately predict the electromagnetic

vibration noise of the motor. The modal shapes and

lower-order intrinsic frequencies of the stator were

calculated, assuming that the stacking effects can be

ignored and the coil can be treated as accessory mass.

The results are presented in Fig. 11. Notably, the second-

order resonance frequencies, which exhibit the lowest

intrinsic frequencies, were determined to be 3,719 Hz for

Structure II and 3,758 Hz for Structure III. The resonance

frequencies of both structures were significantly distant

from the operating frequency of 310 Hz at a rotational

speed of 600 rpm. The second-order resonance frequency

of Structure III was slightly higher than that of Structure

II, indicating a marginally better performance.

Fig. 12 presents the radial acceleration spectra of the

two structures at 600 rpm under load. Significant vibrations

occur at even harmonics of the motor fundamental

frequency (310 Hz). Structure III demonstrates lower

radial acceleration than Structure II across most

frequencies, indicating superior performance.

5. Conclusions

In this study, the principle of torque reduction by a

novel USST arrangement was theoretically analyzed, and

the USST design was optimized. Compared to the

original structure, the average torque of the proposed new

arrangement increased by approximately 8.3%. Compared

to the existing ESST-PMV motors, the new structure

achieved a cogging torque reduction of approximately

69%. Compared to the existing USST-PMV motors, the

loss dropped by approximately 5%.

The accuracy of the analytical results was validated

using an FEM model. Subsequently, the USST arrange-

ment was optimized to further reduce cogging torque and

increase torque. The optimization results indicated the

optimal performance when the armature tooth width was

6.25 mm, the modulation slot depth was 2 mm, and the

modulation angle was 2.75°. At this point, the cogging

torque was 0.41 Nm (approximately 2.1%), and the torque

was 25.19 Nm. Moreover, the resonance performance of

the novel tooth arrangement surpassed that of the

traditional one.
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