
https://doi.org/10.29227/IM-2025-02-03 Received: 15 Jun 2025, Accepted: 21 Aug 2025, Published: 20 Oct 2025 

 

Journal of the Polish Mineral Engineering Society, July - December, 2025            33 

Analysis of the Influence of Permanent Magnet Parameters on Cogging 

Torque in Line Start Permanent Magnet Synchronous Motors  

 

NGUYEN Thi Lan
1
, LE Anh Tuan

2
, TRAN Duy Khanh

3
, NGO Xuan Cuong

4
, DO Nhu Y

5,* 

 
1 FPT Polytechnic College, Department of Electrical and Mechanical Engineering, Hanoi, Vietnam 
2 Hanoi University of Industry, School of Electrical and Electronic Engineering, Hanoi, Vietnam 
3 SaoDo University, Faculty of Electricity, Hanoi, Vietnam 
4 School of Engineering and Technology, Hue University, Thua Thien Hue, Vietnam  

5 Hanoi University of Mining and Geology, Faculty of Electromechanics, Hanoi, Vietnam 
*Corresponding author: donhuy@humg.edu.vn 

 

Abstract: Cogging torque in Line-Start Permanent Magnet Synchronous Motors (LSPMSMs) is influenced 

by various design parameters, among which the type and grade of permanent magnet (PM) play a 
significant role. This paper investigates the influence of permanent magnet (PM) parameters specifically 

magnet grade on the cogging torque, back-EMF waveform, and starting characteristics of a 2.2 kW Line-

Start Permanent Magnet Synchronous Motor (LSPMSM). Three types of NdFeB magnets (N30, N35, and 

N40) were examined using finite element simulations conducted in Ansys/Maxwell. Simulation results show 
that increasing the magnet grade enhances the synchronization capability of the LSPMSM, reducing the 

starting time and speed deviation. The best performance was achieved with the N40 magnet, which provided 

a starting time of 0.92 s and a speed deviation of only 2 rpm under rated load. However, higher magnet 
strength also increased cogging torque amplitude, with N40 producing a peak cogging torque of 170 Nm 

over 12 times the rated torque. FFT analysis revealed that higher magnet grades also introduce stronger 

high-order harmonic components, leading to increased total harmonic distortion (THD) in both cogging 
torque and back-EMF. The study concludes that while high-grade PMs improve synchronization 

performance, they also intensify harmonic effects and mechanical vibration due to increased cogging. 
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1. Introduction  

Line-start permanent magnet synchronous motors (LSPMSMs) have gained significant attention in 

both research and industrial applications due to their self-starting capability and high efficiency. They offer 
an effective solution for high-performance industrial drive systems that require strong synchronization 

capability and flexible starting features. By incorporating a squirrel cage winding, similar to that in 

induction motors, along with permanent magnets for producing the main magnetic flux, LSPMSMs are 

capable of starting directly from the AC mains without the need for an inverter (Dinh & Tien, 2016). 

However, akin to conventional permanent magnet synchronous motors (PMSMs), the presence of 
permanent magnets in the rotor gives rise to cogging torque a parasitic torque resulting from the interaction 

between the magnetic field of the permanent magnets and the stator slot geometry (Caruso et al., 2022). 

Cogging torque is a major limiting factor affecting the performance and operational smoothness of 

LSPMSMs, particularly in applications that demand uniform torque output and precise control at low 
speeds. This phenomenon occurs due to the attraction force generated at specific positions along a rotor 

revolution as a result of magnet–slot interaction. Several studies have been conducted to analyze its causes, 

develop analytical models, and propose optimized designs to mitigate cogging torque (Ilka et al.,  2018). 

In recent studies, the issue of cogging torque in LSPMSMs has attracted considerable interest due to 

its direct impact on smooth starting, vibration, acoustic noise, and steady-state synchronous performance. 
Research efforts in (Jing et al., 2019; He et al., 2022; Do et al., 2024) demonstrated that rotor structure 

including tooth shape, slot number, and magnet arrangement plays a critical role in cogging torque 

formation. Using finite element method (FEM) simulations, these studies concluded that the mismatch 
between stator slots and magnet pole pairs is a primary cause of torque ripple. To reduce cogging torque, 

various design strategies have been proposed. Study (He et al., 2022) focused on optimizing rotor tooth 

geometry and slot structures to enhance starting characteristics and minimize vibrations. In contrast, 
(Tongshan, 2015) introduced a method based on adjusting the ratio between rotor slot width and tooth pitch, 

https://doi.org/10.29227/IM-2025-02-03
mailto:donhuy@humg.edu.vn


https://doi.org/10.29227/IM-2025-02-03 Received: 15 Jun 2025, Accepted: 21 Aug 2025, Published: 20 Oct 2025 

 

34             Journal of the Polish Mineral Engineering Society, July - December, 2025 

aiming to partially cancel cogging torque through phase-offset magnetic flux components. Additionally, 

studies (Wu et al., 2024; Guo et al., 2022.) proposed consequent-pole configurations with fewer magnets, 

which effectively reduce cogging torque while maintaining sufficient electromagnetic torque and 

synchronization capability. 

Comprehensive analyses in (Hamidreza & Alireza, 2016; Tang et al., 2016; Ravisankar et al., 2021) 
showed that combining analytical models with FEM simulations allows accurate prediction of cogging 

torque characteristics during the initial design stage. These works also emphasized that cogging torque not 

only influences motor startup but also affects the transition from asynchronous to synchronous operation, 
especially under load variation or grid voltage fluctuations. Therefore, conventional control algorithms are 

often inadequate in compensating cogging torque without support from optimal mechanical design. A 

notable recent approach involves multi-objective optimization techniques. Study (Liu et al., 2021) 
employed Kriging models and sensitivity analysis to formulate objective functions for minimizing cogging 

torque while preserving flux density and overall motor performance. Furthermore, studies (Jing et al.,  2019; 

Hamidreza & Alireza, 2016) analyzed the effectiveness of techniques such as stator tooth skewing, dummy 

slot insertion, and adjustment of effective tooth length to redistribute magnetic flux and suppress torque 
ripple amplitude. Other studies, such as (Trinh et al., 2023; Thuy et al., 2024), investigated how magnet 

dimensions and types influence LSPMSM characteristics, highlighting the trade-offs between cogging 

torque and motor performance. 

Of particular interest, studies (Huang & Wang, 2024; Salar et al., 2025) examined spoke-type PMSM 

structures, where magnets are embedded radially or obliquely inside the rotor core. These designs are 
widely used in electric vehicles due to their high torque density and strong mechanical robustness. However, 

spoke-type PMSMs tend to exhibit high cogging torque because of magnetic flux concentration at the rotor 

edges. The findings suggest that operational conditions such as load, speed, and magnet pole angle 
significantly affect cogging torque amplitude and should be considered in the design process. Study 

(Yulianto et al., 2021) focused on the impact of magnet quantity and size in IPMSMs (Interior PMSMs), 

showing that increasing pole pairs or altering magnet height/length influences both cogging torque and 

electromagnetic torque ripple. This illustrates the fundamental trade-off between torque performance and 

smoothness. 

Studies (Lv et al., 2018; Huang et al., 2021) extended cogging torque analysis to specialized 

applications such as canned motors used in domestic heating systems and compressors for fuel cell systems. 

In domestic environments, cogging torque contributes to unwanted noise and vibration, while in fuel cell 

compressors, stable startup and precise operation are critical, requiring strict control of cogging torque 
across the entire speed range. At the control level, study (Rachev et al., 2017) revealed that cogging torque 

presents a significant challenge in sensorless control systems. In the absence of rotor position information, 

cogging torque-induced torque oscillations can lead to startup failures or current control instability, thus 

degrading overall system performance. 

In the context of axial flux machines an emerging motor topology known for its high torque density 
and compact design studies (Mengesha et al., 2021; Le et al., 2025) showed that cogging torque remains a 

prominent issue due to uneven flux distribution along the axial direction. Techniques such as stator skewing 

and geometric tooth optimization have been suggested to mitigate this effect. From a theoretical standpoint, 
studies (Lu et al., 2006; Choi & Jang, 2008) developed analytical expressions for cogging torque in 

multipole rotor configurations and validated them experimentally in wind power generator applications. 

This direction provides practical benefits during the early design stages by reducing simulation time and 

enabling faster predictions of cogging effects. Finally, study (Ali et al., 2019) proposed a novel stator slot 
design to suppress cogging torque, effectively applicable not only to LSPMSMs but also to IPMSMs, spoke-

type machines, and other multipole configurations. 

In summary, the aforementioned studies indicate that cogging torque is a universal design challenge 

in modern PMSMs, regardless of rotor topology be it interior, radial, or axial. Addressing cogging torque 

requires early integration into the design process, encompassing structural, control, and optimization 
aspects. However, significant challenges remain, including balancing cogging torque reduction with torque 

density, increased manufacturing costs due to complex rotor geometries, and the lack of comprehensive 

experimental data for specific application configurations. Previous studies have not investigated the 
influence of different grades of permanent magnets on cogging torque. Therefore, this paper aims to 

investigate the influence of permanent magnet parameters on cogging torque, with the goal of identifying 
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optimal magnet types for cogging torque minimization. The proposed design and evaluation are validated 

through FEM simulation on an LSPMSM rated at 2.2 kW and 1500 rpm. 

2. Analysis of the Influence of Permanent Magnets on the Cogging Torque of LSPMSM 

2.1. Mathematical Modeling of LSPMSM 

The mathematical model of the Line-Start Permanent Magnet Synchronous Motor (LSPMSM) is 

formulated as follows (Tuan et al., 2025). 

{
𝑢𝑑𝑠 = 𝑟1𝑖𝑑𝑠 +

𝑑Ψ𝑑𝑠
𝑑𝑡

− 𝜔𝑟Ψ𝑞𝑠

𝑢𝑞𝑠 = 𝑟1𝑖𝑞𝑠 +
𝑑Ψ𝑞𝑠

𝑑𝑡
− 𝜔𝑟Ψ𝑑𝑠

 (1) 

{
 

 𝑢𝑑𝑟
′ = 𝑟𝑑𝑟

′ 𝑖𝑑𝑟
′ +

𝑑Ψ𝑑𝑟
′

𝑑𝑡

𝑢𝑞𝑟
′ = 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ +

𝑑Ψ𝑞𝑟
′

𝑑𝑡

 (2) 

{
Ψ𝑑𝑠 = (L𝑙𝑠 + L𝑚𝑑)𝑖𝑑𝑠 + L𝑚𝑑𝑖𝑑𝑟

′

Ψ𝑞𝑠 = (L𝑙𝑠 + L𝑚𝑞)𝑖𝑞𝑠 + L𝑚𝑑𝑖𝑞𝑟
′  (3) 

{
Ψ𝑑𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑑𝑟
′ + L𝑚𝑑(𝑖𝑑𝑠 + 𝑖𝑑𝑟

′ ) + Ψ𝑚
′

Ψ𝑞𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑞𝑟
′ + L𝑚𝑞(𝑖𝑞𝑠 + 𝑖𝑞𝑟

′ )
 (4) 

Where:  r - rotor angular velocity;   'm - stator flux generated by the permanent magnets ; Lls - 
Leakage inductance of the stator winding;  Lmd and Lmq are magnetizing inductances of d, q axes;  ids, iqs - 

stator current of d, q axes; i'dr, i'qr - rotor equivalent current of d, q axes. 

The electromagnetic torque of the LSPMSM is defined. 

𝑇𝑒𝑙 =
3

2
𝑝[(L𝑚𝑑𝑖𝑑𝑟

′ 𝑖𝑞𝑠 − L𝑚𝑑𝑖𝑞𝑟
′ 𝑖𝑑𝑠) + Ψ𝑚

′ 𝑖𝑞𝑠 + (L𝑚𝑑 − L𝑚𝑑)𝑖𝑑𝑠𝑖𝑞𝑠] (5) 

𝑇𝑒𝑙 = 𝑇𝑖𝑛𝑑 + 𝑇𝑒𝑥𝑐 + 𝑇𝑟𝑒𝑙  (6) 

𝐽
𝑑𝜔𝑚
𝑑𝑡

= 𝑇𝑒𝑙 − 𝑇𝐿 −𝐵𝜔𝑚  (7) 

Where Tind, Texc and Trel - the induction, excitation and reluctance torque component; Te, TL, B, and 

J are the electromagnetic and load torques, friction coefficient, and moment of inertia, respectively. 

2.2. Operating point of the permanent magnet 

Neglecting magnetic circuit saturation, the equivalent magnetic circuit of the LSPMSM under load 

conditions is presented in Figure 1 (Stoia et al., 2009). 

 

Fig. 1. Equivalent magnetic circuit of the LSPMSM 

Under load conditions, the operating point of the permanent magnet is determined as shown in Figure 2. 
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Fig. 2. Determination of the operating point of the permanent magnet 

Where: rem - the remanent flux; Fc -  the magnetomotive force (MMF); Lrec - the recoil line; L0, Ll - 

the load lines under no-load and load conditions, respectively; L0, L - the corresponding air-gap load lines; 

N0 -  represents the operating point in the absence of armature reaction. 

Under the influence of the stator magnetic field, which typically causes demagnetization of the 

permanent magnet (PM), the new operating point N is obtained by translating point N0 along the recoil line 

Lrec. The magnetic flux equations corresponding to the lines L1 and L are expressed as: 

(𝐿𝑟𝑒𝑐):  Φ = Φ𝑟𝑒𝑚 + Λ𝑀𝐹 (8) 

(𝐿1):  Φ = −Λ𝑡(𝐹 + 𝐹𝑎𝑑
′ ) (9) 

(𝐿𝛿): Φ = −Λ𝛿(𝐹 + 𝐹𝑎𝑑
′ ) (10) 

The magnetic permeance of the magnetic circuit is determined as follows: 

Λ𝑡 = Λ𝛿 + Λ𝜎 = 𝑘𝜎𝑀Λ𝛿 (11) 

Λ𝑀 =
Φ𝑟𝑒𝑚
F𝐶

=
B𝑟𝑒𝑚S𝑀
H𝐶 l𝑀

=
𝜇0μ𝑟𝑒𝑐S𝑀

l𝑀
 (12) 

Where: t, , , M - denote the total magnetic permeance, the useful air-gap permeance, the 

leakage permeance, and the recoil (demagnetization) permeance, respectively; kM - the leakage permeance 

coefficient. 

 

Λ𝛿 =
Φ𝛿0
F𝐶

=
B𝛿0S𝛿
H𝐶k𝑐𝛿

=
𝜇0S𝛿
k𝑐𝛿

 (13) 

𝛬𝑀
𝛬𝛿

= μ𝑟𝑒𝑐𝑘𝑐
S𝑀
S𝛿

𝛿

l𝑀
= μ𝑟𝑒𝑐𝑘𝑐

𝐶Φ
𝐶𝑝

 (14) 

Where: lM - the width of the permanent magnet;  - the air-gap length; 0 - the permeability of free 

space (vacuum permeability); rec - the relative permeability of the permanent magnet; SM, S - the cross-

sectional areas of the permanent magnet and the air gap, respectively; Hc - the coercive force; and kc - the 

permeability coefficient. 

The magnetic flux and magnetomotive force at the operating point N are given as follows: 

Φ𝑁 =
Λ𝑡(Φ𝑟𝑒𝑚 − Λ𝑡𝐹𝑎𝑑

′ )

Λ𝑡 + Λ𝑀
 (15) 

F𝑁 = −
Φ𝑟𝑒𝑚 + Λ𝑀𝐹𝑎𝑑

′

Λ𝑡 + Λ𝑀
 (16) 

The air-gap magnetic flux is given by: 
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Φ𝛿 =
Λ𝛿(Φ𝑟𝑒𝑚 − Λ𝑡𝐹𝑎𝑑

′ )

Λ𝑡 + Λ𝛿𝑘𝜎𝑀
 (17) 

  

The air-gap magnetic flux under load conditions is determined as follows: 

Φ𝛿 =
Φ𝑟𝑒𝑚 − Λ𝑀𝐹𝑎𝑑

′

𝑘𝜎𝑀 +
Λ𝑀

Λ𝛿

=
Φ𝑟𝑒𝑚 − Λ𝑀𝐹𝑎𝑑

′

𝑘𝜎𝑀 + 𝜇𝑟𝑒𝑐𝑘𝐶
CΦ

C𝑝

 (18) 

The electromotive force (EMF) is determined as follows: 

U𝑒 = 4,44𝑓𝑤𝑘𝑤
Φ𝑟𝑒𝑚 − Λ𝑀𝐹𝑎𝑑

′

𝑘𝜎𝑀 + 𝜇𝑟𝑒𝑐𝑘𝐶
CΦ

C𝑝

 (19) 

From the above equation, it can be observed that the working magnetic flux and the electromotive 

force (EMF) are not only strongly dependent on the dimensions of the permanent magnet, but also 

significantly influenced by the material properties of the permanent magnet. This, in turn, affects various 

operating parameters of the LSPMSM, including the cogging torque. 

2.3. Cogging Torque in LSPMSM 

In this study, the motor under investigation is a 2.2 kW –LSPMSM  with two pole pairs. The motor 

features embedded rectangular permanent magnets, and its structural configuration is shown in Fig. 3. 

 

Fig. 3. Configuration of the LSPMSM - 2.2 kW, 2p = 4 

According to Bianchini (et al., 2012) and Wan (et al., 2022), the cogging torque of the LSPMSM is 

determined as follows: 

𝑇𝑐𝑜𝑔 = −
𝜕𝑊(𝛼)

𝜕𝛼
≈ −

𝜕𝑊𝑎𝑖𝑟𝑔𝑎𝑝(𝛼)

𝜕𝛼
 (20) 

where W, Wairgap - represent the co-energy or magnetic field energy stored in the air gap, and  denotes 

the angular position of the permanent magnet relative to a stator tooth. 

According to (Zhang et al., 2010; Wang et al., 2003), it is assumed that B (, ) is the air-gap 

magnetic flux density, and 0  is the vacuum permeability. 

𝐵(𝜃, 𝛼) = 𝐵𝑟
ℎ𝑚

ℎ𝑚 + 𝛿(𝜃, 𝛼)
 (21) 

Therefore: 

𝑊(𝛼) = 𝑊𝑎𝑖𝑟𝑔𝑎𝑝(𝛼) =
1

2𝜇0
∫ 𝐵𝑟

2

𝑣

(𝜃) (
ℎ𝑚

ℎ𝑚 + 𝛿(𝜃, 𝛼)
)
2

𝑑𝑣 (22) 

where Br() - denotes the distribution of remanent flux density in the air gap, hm  - the thickness (length) 

of the permanent magnet, and (, ) represents the air-gap length distribution. 

The square of the remanent flux density, B2
r() can be expanded into a Fourier series as follows: 
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𝐵𝑟
2(𝜃) = 𝐵𝑟0 +∑𝐵𝑟𝑛𝑐𝑜𝑠2𝑛𝑝𝜃

∞

𝑛=1

 (23) 

𝐵𝑟0 = 𝛼𝑝𝐵0𝑟
2  (24) 

𝐵𝑟𝑛 =
2

𝑛𝜋
𝐵0𝑟
2 sin (𝑛𝛼𝑝𝜋) (25) 

 

where, p - the number of pole pairs, B0r is the flux density generated by the permanent magnets in the air 

gap; p - the pole arc coefficient. 

The Fourier transform of the air-gap length distribution (, ) is given as: 

𝛿𝑠(𝜃, 𝛼) = 𝛿𝑠0 +∑ 𝛿𝑠𝑛𝑐𝑜𝑠𝑍1(𝜃 − 𝛼)

∞

𝑛=1

 (26) 

𝛿𝑟(𝜃, 𝛼) = 𝛿𝑟0 +∑𝛿𝑠𝑛𝑐𝑜𝑠𝑍1(𝑝𝜃)

∞

𝑛=1

 (27) 

3. Results of the Analysis on the Impact of Permanent Magnets on Cogging Torque 

The influence of different grades of permanent magnets (N30, N35, and N40) on the cogging torque 
of a 2.2 kW Line-Start Permanent Magnet Synchronous Motor (LSPMSM), operating at 1500 rpm and 

rated voltage (Y/Δ) 380/220 V, was evaluated using Ansys/Maxwell software (Le et al., 2025; Tuan et al., 

2025). 

3.1. Cogging Torque characteristics 

The cogging torque of the LSPMSM using different types of permanent magnets is illustrated in 

Figure 3. 

 

Fig. 4. Cogging torque in LSPMSM 

The results in Figure 4 show that the cogging torque varies periodically with the stator tooth pitch. 
The cogging torque exhibits a high degree of nonlinearity, and the level of nonlinearity differs among the 

cases. The frequency spectrum analysis (FFT) of the cogging torque is presented in Figure 4. 
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Fig. 5. FFT of cogging torque wave 

The results in Figure 5 indicate that, in addition to the fundamental frequency component F1, multiple 

higher-order harmonic components are present in the cogging torque. This explains the significant vibration 

and noise observed during the operation of the LSPMSM. A statistical summary of the frequency 

components in the cogging torque is presented in Table 1. 

Tab. 1. Harmonic Components of Cogging Torque 

Type of PM Mcog.max F1(mFm) F2(mFm) F4(mFm) F7(mFm) 

N30 120 326 118 39 51 

N35 150 351 129 43 54 

N40 170 378 144 49 56 

When using the N40-grade magnet, the cogging torque exhibits the highest amplitude, with a peak 

value reaching 170 Nm approximately 12.14 times higher than the rated torque of 14 Nm. In contrast, the 

lowest cogging torque is observed with the N30 magnet, peaking at 120 Nm, equivalent to 8.6 times the 

rated torque. Correspondingly, the amplitudes of higher-order harmonic components also increase as the 
magnet grade changes from N30 to N40. This phenomenon can be attributed to the enhancement of the 

magnetic field generated by higher-grade magnets, which intensifies the magnetic attraction between the 

stator teeth, slots, and the rotor surface thereby increasing the cogging torque. 

3.2. Speed characteristics 

The starting speed of the motor for different types of permanent magnets N30, N35, and N40 are 

presented in Figure 4. 

 

Fig. 6. Speed characteristics of LSPMSM 2.2kW, 2p=4 

The results shown in Figure 6 indicate that the LSPMSM can successfully start under rated load 

conditions with different types of permanent magnets. The detailed starting performance parameters of the 

LSPMSM are presented in Table 2. 
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Tab. 2. Parameters for evaluating the speed characteristics  

Scenarios Type of PM Transient time tts (s) Speed deviation  (rpm) 

1 N30 1.30 6 

2 N35 1.25 4 

3 N40 0.92 2 

As shown in Table 2, the LSPMSM exhibits the best starting performance when using the N40 

permanent magnet, achieving the shortest starting time of t = 0.92 s and the smallest speed fluctuation 

amplitude of Δω = 2 rpm. In contrast, the poorest performance is observed with the N30 magnet, with a 

starting time of t = 1.3 s and a fluctuation amplitude of Δω = 6 rpm. This can be attributed to the fact that, 
as the magnet grade increases (while remaining below magnetic saturation), the excitation magnetic field 

generated by the permanent magnets becomes stronger, thus enhancing the motor’s ability to reach 

synchronous speed during the starting process. 

3.3. Phase Back-EMF 

With different grades of permanent magnets, the simulated results of the phase back-EMF are shown 

in Figure 7 below. 

  

Fig. 7. Phase back-EMF of LSPMSM 2.2kW, 2p=4 

The waveform of the back-EMF exhibits flat-topped peaks and serrated distortions, which are 

attributed to the magnetic flux paths predominantly traversing the stator teeth. The FFT analysis and the 

back-EMF waveform distortion index (ΔE%) are presented in Table 3 (29). 

𝐸% = |
𝐸1𝑁𝐵 − 220

𝐸1𝑁𝐵
| . 100% (28) 

where E1NM  - the root mean square (RMS) value of the no-load fundamental component of the back 

electromotive force (back-EMF). 

Tab. 3. The harmonic component analysis of the back-EMF waveform 

Type of PM Bậc 1 Bậc 3 Bậc 13 Bậc 15 THD E% 

N30 168.1 25.9 8.2 11.81 17.9 27.6 

N35 176.3 27.8 8.9 12.4 18.1 23.2 

N40 181.6 28.4 9.1 13.2 18.2 18.4 

When using the N40 grade permanent magnet, the deviation of the fundamental component (denoted 

as ΔE%) reaches the lowest value of 18.4%, whereas with the N30 magnet, ΔE% increases to 27.6%, 

indicating a greater distortion of the back-EMF waveform compared to the ideal sinusoidal shape. However, 

the Total harmonic distortion (THD) exhibits an opposite trend: highest with the N40 magnet and lowest 
with the N30 magnet. This phenomenon can be explained as follows: employing a higher-grade permanent 

magnet such as N40 results in a stronger magnetic flux, which enhances the motor's starting capability and 

synchronization performance. Nevertheless, the increased magnetic flux also intensifies the magnetic 
interaction between the stator teeth and rotor, leading to the generation of more high-order harmonic 

components in the back-EMF waveform, thereby increasing the THD value. Therefore, the selection of 

permanent magnet grade must carefully balance between synchronization capability, fundamental 
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waveform deviation (ΔE%), and harmonic distortion (THD) to ensure optimal performance of the 

LSPMSM. 

4. Conclusion 

This study presents a comprehensive analysis of the influence of permanent magnet (PM) grades on 

the electromagnetic and dynamic characteristics of a 2.2 kW Line-Start Permanent Magnet Synchronous 

Motor (LSPMSM). By evaluating three different magnet types (N30, N35, and N40) through finite element 
simulations, the relationship between magnet properties and cogging torque, back-EMF waveform 

distortion, and starting performance was clearly demonstrated. The results indicate that higher-grade 

magnets such as N40 significantly improve the motor’s starting capability by reducing transient time and 

speed fluctuation. However, this improvement comes at the cost of increased cogging torque and higher 
total harmonic distortion (THD), both of which can negatively affect vibration, noise, and operational 

smoothness. In contrast, lower-grade magnets like N30 produce lower cogging torque and THD but result 

in slower synchronization performance. 

The findings emphasize that selecting the appropriate permanent magnet type requires a careful 

balance between electromagnetic performance and mechanical stability. For applications demanding high 
precision and smooth operation, this trade-off must be optimized at the early design stage. Future research 

will focus on the integration of multi-objective optimization techniques and experimental validation to 

further refine magnet selection and rotor design in LSPMSMs. 
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