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Line-start permanent magnet synchronous motor (LSPMSM) has the advantages of high 

efficiency and the ability to self-start, making it a subject of research and application as a 

partial replacement for the widely used induction motors. However, LSPMSM also has 

significant drawbacks, and addressing these issues will help promote the motor. LSPMSM 

is difficult to start with and has high cogging torque (CT) during steady-state operation. 

CT causes undesirable effects such as mechanical vibrations, acoustic noise, and reduced 

efficiency. This paper studies the effectiveness of the skewed stator method in reducing 

CT. The paper applies the parametric analysis method and finite element methods to 

investigate different skewed angles of the stator. The subject of application is LSPMSM 

2.2 kW, 2p = 4. The results show that with skew angles of 10° and 20°, the peak CT value 

is reduced nearly 50 times, and the electromagnetic torque ripple decreases by 6 times. 

Additionally, a skewed stator improves the starting quality and efficiency of the motor. 
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1. INTRODUCTION

According to statistics, global energy consumption is 30% 

for the industrial sector, 26% for transportation, and 22% for 

residential areas [1]. Energy consumption can be reduced 

through various solutions, such as using high-efficiency 

conversion devices [2], utilizing renewable energy sources [3], 

applying smart grid analysis, and developing and monitoring 

smart energy management systems [4]. Additionally, statistics 

show that electric motors typically account for about two-

thirds of electricity consumption in the industrial sector of 

each country, equivalent to approximately 40% of total energy 

consumption [5]. Thus, applying high-efficiency electric 

motors to replace low-efficiency asynchronous motors that are 

commonly used in industries will be an effective solution in 

the strategy for energy conservation. Today, with the 

development of NdFeB rare earth magnet materials used in 

electric motors, line-start permanent magnet synchronous 

motors (LSPMSM) with high efficiency are considered a 

viable alternative to current motors [6, 7]. In terms of 

construction, LSPMSM combines features of induction 

motors (IM) and permanent magnet synchronous motors 

(PMSM). Therefore, LSPMSM has the advantages of both 

asynchronous motors and PMSM, including synchronous 

speed, low overall losses, high efficiency, and the ability to 

self-start. However, a major drawback of LSPMSM is not only 

its small starting torque [8] but also the typical issue of 

cogging torque (CT) during operation due to the use of 

permanent magnets (PMs) [9, 10]. Consequently, many 

studies have focused on reducing CT to help promote the use 

of PMSMs in applications requiring high-efficiency electric 

motors [11]. 

LSPMSM is constructed with squirrel cage bars on the 

rotor, which can be attached to the surface or embedded. Thus, 

like PMSM, LSPMSM experiences CT during operation. The 

CT in motors using PMs is generated by the interaction 

between the PMs mounted on the rotor and the slots on the 

stator. CT is an unwanted torque component as it adversely 

affects the operation of the motor. CT reduces the quality of 

the torque because it generates mechanical vibrations and 

acoustic noise [12]. Therefore, there are currently many 

studies aimed at mitigating this torque for motors using PMs. 

Studies to limit CT can be categorized into two methods: 

control and motor design. Control methods to reduce the CT 

in motors using PMs can be listed as follows: Sumega et al. 

[13] investigated two different methods to determine the CT

of three-phase PMSM. Based on the results from the two

methods, a CT map was constructed and subsequently applied

in a Field-Oriented Control (FOC) algorithm to minimize

ripple in speed and electromagnetic torque (ET) of the motor.

Pierpaolo and Saponara [14] proposed a sensorless control

method based on an Extended Kalman Filter observer and a

linear feedback control system. The results indicated that even

without a sensor, the proposed control solution could still

minimize CT. Petro et al. [15] researched a method for

injecting high-frequency (HF) signals to accurately estimate

the rotor position of PMSMs. Their proposed method

improved control quality by reducing the signal injection time

and compensating for CT, thereby minimizing current and

speed ripple. Chu et al. [16] examined the speed control of
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Brushless DC motors (BLDC). This paper proposed using a 

three-step nonlinear controller based on a new observer to 

enhance performance by mitigating CT at low speeds. The 

results showed that the errors caused by CT regarding the 

system were significantly reduced at low speeds. Liu et al. [17] 

investigated the Iterative Learning Control (ILC) method, 

alongside the conventional proportional and integral (PI) 

controller (i.e., PI-ILC), as a method to minimize CT. 

Experimental results demonstrated that the proposed improved 

ILC method showed enhanced performance, with oscillations 

due to cogging torque minimized. 

In addition to applying control methods to limit cogging 

torque, the method of modifying the design is more commonly 

used. The popular design methods to reduce CT can be 

summarized as follows [18]: Flux barrier, PM design, stator 

dummy and rotor notches, slot opening, and skewing. Kim 

[19] proposed a method to minimize CT in Inserted PMSMs 

(IPMSM) by applying an asymmetric flux barrier design and 

inverting lamination. The research results showed that an 

asymmetric flux barrier design in the rotor of the PMSM could 

achieve good results without needing to skew the PMs. Simón-

Sempere et al. [20] investigated a new method to reduce CT in 

axial flux permanent magnet motors (AFPM) based on the 

shape of the PMs. The results indicated that the proposed 

method is accurate, unique, and quick to compute without 

needing to use finite element methods (FEM). Anuja et al. [21] 

researched and proposed a new method to minimize CT based 

on the uneven positioning of the PMs. The results indicated 

that CT in the analysis decreased, and comparisons with the 

FEM method demonstrated the effectiveness of the proposed 

method. Nakano et al. [22] proposed a new stator core 

structure to minimize cogging torque caused by tolerances in 

the manufacturing of PMSM. The research results showed that 

by applying a configuration containing dummy slots, CT could 

be very effectively minimized. Xia et al. [23] studied and 

confirmed that the auxiliary slot method is an effective 

approach to minimize CT in PMSM. The analysis results 

showed that with deeper auxiliary slots, the peak CT changed 

significantly in the initial phase and then stabilized. Hwang et 

al. [24] researched an improved mechanical method to reduce 

CT and torque ripple (TR). In this study, a method was 

proposed to reduce vibration and noise mechanically by 

designing a notched rotor shape. Morimoto et al. [25] proposed 

a design method to create notches on the surface of the rotor 

to reduce CT in IPMSM with dual-layer PMs. The FEA 

showed that the CT in the model with optimized notch 

positions was significantly reduced. Zhao et al. [26] proposed 

a stepped slot-opening shift method to reduce CT in IPMSM. 

The research results indicated that this method could achieve 

CT reduction like the skewing slots method while maintaining 

the three-phase symmetry of the motor. Patel [27] studied and 

presented a gap shifting technique to reduce CT for axial flux 

BLDCs suitable for two-wheeled electric vehicle applications. 

The research results demonstrated that the gap shifting 

technique was effective in reducing CT in axial flux BLDCs, 

with CT decreasing from 1.23 Nm to 0.63 Nm. Moreover, the 

skewing method is widely applied to reduce CT, and there are 

two ways for skewing: skewing the stator and rotor. Jiang et 

al. [28] studied the effects of different skewed rotor patterns 

on CT and torque ripple, average torque, and axial force in 

IPMSMs. A genetic algorithm was used to minimize CT. The 

results showed that linear skewed rotor patterns reduced CT 

but increased axial force. Hao et al. [29] studied three stepped 

skewed stator structures, including three-step skewed stator, 

two-step skewed stator, and improved two-step skewed stator 

to enhance CT in Linear Flux Switching PMSM (LFSPM). 

Based on FEA, suitable skew angles were selected based on 

the largest difference in CT reduction rate. 

Thus, to reduce CT, the methods of skewed stator and rotor 

are commonly applied in design. This method is not only easy 

to implement in manufacturing but also has proven effective 

in reducing CT. Therefore, this paper applies this method to 

study the reduction of CT for LPSMSMs. 

In summary, motors using PMs have the drawback of high 

CT during operation. CT causes mechanical vibrations and 

acoustic noise, reducing the efficiency of the motor. Since 

LSPMSM is a motor that uses PMs, it also experiences CT, 

making research to mitigate this drawback a measure to 

promote the motor. The most common methods to reduce CT 

in PMSMs are skewing the stator and rotor. This method has 

proven effective and is easy to implement during the 

manufacturing of the motor. Although skewing is widely used 

in PMSMs, its application in LSPMSMs-especially with 

continuous skew type remains underexplored. Therefore, this 

paper will investigate the application of the skewed stator 

method to reduce CT. The research results of this paper will 

be applied to LPSMSM 2.2 kW, 2p = 4. Based on the research 

findings, the most effective and appropriate skew angle will be 

proposed for the fabrication of LPSMSM 2.2 kW, 2p = 4. 

 

 

2. ANALYTICAL ANALYSIS OF COGGING TORQUE 

AND THE EFFECT OF SKEWED STATOR METHOD 

ON COGGING TORQUE 
 

2.1 Cogging torque of permanent magnet motors 
 

The basic operation of a synchronous electric motor is based 

on the electromagnetic interaction between the rotor's 

excitation magnetic field and the magnetic field generated by 

the current in the stator windings. In the case of PMSM, even 

when the motor is not powered, and no current flows through 

the stator, there still exists an interaction force between the 

rotor's PMs and the stator teeth. This magnetic interaction 

force depends on the magnetic flux density or the field strength 

in the air gap (AG) and varies according to the relative position 

between the rotor and stator. This variation creates an uneven 

torque, known as “cogging torque” [30]. 

 

 
(a) Alignment                   (b) Non-aligned 

 

Figure 1. The relative position between the permanent 

magnet (PM) and the stator teeth generates cogging torque 

 

The machine with slots makes the stator anisotropic, 

creating a transformation of magnetic energy in the AG. This 

transformation generates a circumferential attraction force 

(Fcir) aimed at minimizing the system's energy, aligning the 

center of the PM with the center of the stator teeth or slots. 

Each component of the force Fcir generates a CT component, 

as illustrated in Figure 1 [30]. It can be observed that this 

alignment will cancel out the CT components, resulting in a 
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total CT of zero as in Figure 1(a). Therefore, this alignment 

position is considered magnetically stable. 

Figure 1(b) shows an unstable magnetic position when the 

PMs and stator slots are not aligned. The total CT is non-zero, 

leading to a tendency for the PMs to move toward a stable 

position. The LSPMSM is modeled by two interacting 

components: the PM and the winding. The energy is generated 

by three factors: the self-inductance energy of the winding, the 

magnetic energy, and the mutual inductance energy between 

the winding and the PM. The ET is derived from the total 

magnetic energy W or the total equivalent energy Wc, as a 

function of the mechanical angle [30]. 

 

𝑊𝑐 =
1

2
𝐿𝑖2 +

1

2
(𝑅 + 𝑅𝑚)𝜙𝑚

2 + 𝑁𝑖𝜙𝑚 (1) 

 

where, R and Rm are the reluctance of the magnetic circuit and 

the reluctance of the PM, L is the inductance of the winding, 

m is the magnetic flux linked through the winding created by 

the permanent magnet, N is the number of turns in the winding, 

and i is the current flowing through the winding. The ET is 

determined by: 
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Since the inductance L of the winding is a constant, in the 

absence of excitation current (𝑖 = 0), only the second term will 

appear in Eq. (1). Additionally, the reluctance of the PM and 

m are also constants. Therefore, the CT can be estimated by 

focusing on the magnetic field interaction as well as the 

variation of the magnetic circuit reluctance between the 

winding and the PM according to the relative angle between 

the PM and the stator teeth, leading to: 

 

𝑇𝑐𝑜𝑔𝑔𝑖𝑛𝑔 =
𝜕𝑊𝑐

𝜕𝜃 𝑖=0
= −

1

2
𝜙𝑚
2
𝜕𝑅

𝜕𝜃
 (4) 

 

The stages of the CT pulse cycle are shown in Figure 2, and 

the variation of CT with respect to mechanical angle positions 

is depicted in Figure 3 [31]. 

 

 
 

Figure 2. Relative position of permanent magnet (PM) and 

stator 

 

The CT graph generated at relative positions as shown in 

Figure 2, corresponds to Figure 3. 

Figures 2 and 3 show that CT depends on the position of the 

stator teeth relative to the PM. The magnetic field generated 

by the PM tends to seek a position with the lowest reluctance. 

The shape of the CT in PM motors depends on the arrangement 

of the PMs and the stator teeth. The period of the CT pulse 

cycle is influenced by the geometric structure of the electric 

machine. CT reduces the quality of the ET and affects the 

smooth operation of the machine, causing mechanical 

vibrations and acoustic noise. Therefore, in practice, methods 

are researched in design and control to reduce CT. 

 

 
 

Figure 3. The cogging torque (CT) with respect to the 

relative position of the permanent magnet (PM) and stator 

 

2.2 The effect of skewed stator 

 

In operation, it is desired for CT to be as small as possible. 

It must be mathematically represented to analytically eliminate 

CT. First, the angle cog of one cycle of CT can be expressed 

by the equation [32]: 

 

𝜃𝑐𝑜𝑔 =
3600

𝐿𝐶𝑀(𝑁𝑝, 𝑁𝑠)
 (5) 

 

where, Np and Ns are the number of poles and the number of 

stator slots, respectively, LCM(Np, Ns) is the least common 

multiple of Np and Ns. Therefore, the period of CT depends on 

the number of poles and slots, with a larger LCM(Np, Ns) 

resulting in a shorter period. As a result, the larger the 

LCM(Np, Ns), the smaller the amplitude of the CT. 

CT with respect to the mechanical angle is represented in 

Figure 3, assuming no consideration of the skew, as defined 

by the equation [32]: 
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(6) 

 

where, LFe is the length of the core, R1, R2 are the inner and 

outer radii of the AG, respectively. Gak, Bam are coefficients 

related to the relative permeability and magnetic flux density 

of the AG. If a step skew is implemented with each step being 

M, when considering the skew, the CT can be determined by 

the equation: 
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where, θskew.step is the skew angle for each step. To minimize 

CT, the condition is Tcog = 0, and the conditions to achieve this 

are: 

 

( ),
sin 0

2 1

skew p sn LCM N N M

M


=

−
 (8) 

 

The value θskew that satisfies the condition of Eq. (8) is 

determined: 

 

( )
1 360

,
skew

p s

M

M LCM N N


−
=  (9) 

 

Thus, from Eqs. (8) and (9), it can be observed that CT in 

motors using PMs can be reduced by appropriately selecting 

the skew angle θskew of the rotor or stator core. In this paper, 

the evaluation for selecting the appropriate θskew for the 

experimental LSPMSM is conducted through simulations 

using the FEA on Ansys/Maxwell software. In Chapter 3 

below, simulations will be conducted to evaluate the effect of 

the skew angle θskew on the starting characteristics (speed) of 

the LSPMSM. From these results, the theoretical and 

simulation compatibility will be demonstrated. Additionally, 

other important characteristics of the motor will also be 

investigated. 

 

 

3. SIMULATION OF LSPMSM CONSIDERING 

SKEWED STATOR  

 

The paper studies the effect of the skewed stator on CT. The 

type of the skewed stator considered in the simulation is 

continuous type due to the commonality of the method [32], 

when M→, Eq. (9) transforms into Eq. (5). The LSPMSM 

has the number of stator slots with Ns = 36, so θskew = 10°. 

This paper will investigate skew angles corresponding to a 

skew of 2 steps, specifically 20°, to validate the correctness of 

the theory and assess the variation of CT when skewing the 

stator. This is fully aligned with the literature [33, 34]. 

Therefore, in the simulation scenario, the skew step θskew is 

varied in the simulation from 0 to 2 slots (corresponding to 

20°). Each simulation step corresponds to 5°. Based on the 

results obtained, the characteristics of the motor will be 

analyzed and evaluated. Some skew angles in the simulation 

scenario are illustrated in Figures 4(a) and (b). 

 

 
(a) Continuous type of skewed stator 

 
(b) Continuous type of skewed stator with 10° and 20° angle 

 

Figure 4. Skewed stator of line-start permanent magnet 

synchronous motors (LSPMSM) 

 

3.1 Speed characteristics 

 

The speed characteristic is commonly used to evaluate the 

starting capability of LSPMSM. Since LSPMSM has the 

drawback of being difficult to start, this characteristic needs to 

be addressed. In the simulation, the load applied to the motor 

shaft is equal to the rated load. The startup speed characteristic 

of the 2.2 kW LSPMSM with different stator skew angles is 

shown in Figure 5. 

 

 
 

Figure 5. Speed characteristics of line-start permanent 

magnet synchronous motors (LSPMSM) 

 

Thus, with different stator skew angles, the LSPMSM can 

start successfully. The speed characteristic goes through 

several "dip" phases before the motor can reach synchronous 

speed. Table 1 summarizes the starting quality of the 

LSPMSM. 

 

Table 1. Parameters for evaluating the speed characteristics 

 

Skew 

Angle 

Number of 

Dips 

Transient Time 

tts (ms) 

Settling Time 

tst (ms) 

0° 10 300 980 

5° 9 259 922 

10° 8 183 841 

15° 6 173 622 

20° 8 233 880 

 

With each different stator skew angle, the performance 

curve of the motor also varies. Moreover, it can be noted that 

without skewing, the motor has the most difficulty starting. In 

this case, to reach maximum speed initially, it must pass 
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through 10 speed dips. After approximately 1 second, the 

motor achieves stable synchronous speed. Furthermore, the 

investigation indicates that at a skew angle of 15°, the startup 

is the easiest. In this scenario, the motor passes through 6 dips 

to reach maximum speed first, and after about 0.6 seconds, the 

motor reaches stable synchronous speed. 

 

3.2 Current characteristics 

 

In addition to the speed characteristics, the current 

characteristics are also studied. Through the current 

characteristics, the maximum starting current can be examined 

to implement measures to mitigate the effects of this surge 

current. Furthermore, the current during the steady state time 

is also investigated to evaluate the magnitude of the current 

under rated operating conditions. The simulated current 

characteristics are shown in Figure 6. 

 

 
 

Figure 6. Current characteristics of line-start permanent 

magnet synchronous motors (LSPMSM) 

 

The LSPMSM starts with a relatively high current. The 

duration of the starting current will vary depending on the 

skew angle. In the case of no skewing, the duration of the 

current maintained during startup with a high amplitude is 

longer. Thus, in some cases, this can lead to significant 

overheating of the motor. However, the peak current 

amplitude during startup is the same across cases, reaching 

approximately 45 A (about 6 times the amplitude of the rated 

current). 

 

3.3 Back electromotive force characteristics 

 

In addition to the two aforementioned characteristics, the 

back-EMF characteristic is also considered. The back-EMF 

characteristic reflects the magnetic flux generated by the 

magnetic field of the PM in the stator windings. Furthermore, 

this characteristic is influenced by the path of the anisotropic 

magnetic field due to the structure of the stator teeth and rotor. 

The simulated back-EMF characteristic is shown in Figure 7. 

The back-EMF characteristic obtained in Figure 7 during 

the simulation has a non-sinusoidal shape. However, the back-

EMF waveform contains dips and varies periodically with the 

supply frequency in the cases of skewing angles of 0°, 5°, and 

15°. In contrast, for the cases of skewing at 10° and 20°, 

although the waveform exhibits some ripples, the 

characteristics of these two cases are closer to a sine wave. To 

assess the degree of non-sinusoidal behavior of the periodic 

waveform of the back-EMF characteristic obtained during the 

simulation, Fast Fourier transform (FFT) analysis was 

employed to analyze the back-EMF waveform. The results of 

the FFT analysis of the back-EMF waveform for the skewed 

stator cases are shown in Figure 8. 

 

 
 

Figure 7. Back-EMF characteristics of line-start permanent 

magnet synchronous motors (LSPMSM) 

 

 
 

Figure 8. Fast Fourier transform (FFT) analysis of the 

simulated back-EMF waveform 

 

The back-EMF waveform of the LSPMSM, when analyzed 

using FFT, shows the presence of multiple harmonic 

components. Due to the periodic and symmetrical nature of the 

back-EMF waveform over one cycle, only odd-order harmonic 

components are present in the FFT analysis. Among the 

harmonics, the 15th harmonic has a significant amplitude, 

followed by the 3rd harmonic. Additionally, for the skew 

angles of 0°, 5°, and 15°, the 15th harmonic has a large 

amplitude. In contrast, the 10° and 20° skew angles exhibit 

larger amplitudes at the 3rd harmonic. However, compared to 

the 15th harmonic, the amplitude of the 3rd harmonic in all skew 

angle cases is much smaller. The amplitude values of each 

harmonic for different skew angles are summarized in Table 

2. Furthermore, to assess the distortion of the waveform, the 

E% is used to assess the degree of deviation of the 

fundamental back-EMF waveform (the 1st order) from the 

value of the voltage of power supply [8]. 

 

𝛥𝐸% = |
𝐸1𝑁𝐵 − 220

𝐸1𝑁𝐵
. 100%| (10) 

 

Table 2. Fast Fourier transform (FFT) analysis of the 

harmonic components of the back-EMF 

 

Skew Angle 1st 3rd 13th 15th THD E% 

0° 281.3 14 6.5 38.3 14.7 10.6 

5° 281.3 14.3 5 28.6 11.5 10.6 

10° 281.2 15.2 1.9 8.3 6.2 10.6 

15° 281 16.2 0.5 6.5 6.8 10.7 

20° 280.6 17.3 1.1 7.8 6.2 10.8 
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From Table 2, the amplitude of the 1st harmonic is 

approximately equivalent across all cases, with negligible 

differences. The deviation of the 1st harmonic back-EMF 

waveform from the rated fundamental voltage of the line E% 

is approximately 10.6% in all examined cases. The THD index 

is used to assess the distortion of the sinusoidal waveform; the 

higher this index, the greater the harmonic distortion. Higher-

order harmonics can cause unwanted effects such as losses, 

vibrations, and noise. Thus, for skew angles of 5° and 10°, the 

THD index is at its lowest, indicating that the back-EMF 

waveform of the LSPMSM is closer to a sine wave. 

Additionally, the E% index reflects the deviation between the 

fundamental back-EMF waveform value and the supplied 

voltage. The back-EMF value is the excitation source of the 

machine, which affects all operational parameters of the 

motor. Typically, it is designed to be sufficiently excited in the 

steady state. Therefore, in Table 1, with equivalent E% 

values and a deviation from the supplied voltage of 10.6%, the 

motor is adequately excited. However, with different 

deviations, the harmonic indices of these waveforms vary. 

 

3.4 Cogging torque characteristics 

 

The simulated CT characteristics are shown in Figure 9 

below to evaluate the effectiveness of the skew. The 

simulation scenario is studied for the experimental LSPMSM, 

utilizing a parametric analysis method. 

 

 
 

Figure 9. Cogging torque waveforms 

 

The cogging torque waveform is periodic with a cycle 

matching the frequency of the power supply, as shown in 

Figure 9. The skew angle significantly influences the shape of 

the CT waveform. Additionally, the simulation results 

demonstrate the effectiveness of the skewing method in 

reducing CT. When the stator is not skewed, the amplitude of 

the CT reaches its maximum value at Tcog.max = 492 mNm. 

Meanwhile, with skew angles of 10° and 20°, the CT 

characteristics are similar. Furthermore, with skew angles of 

10° and 20°, the amplitude of CT decreases significantly, with 

Tcog.max = 492 mNm. The summary of Tcog.max for each skew 

angle is presented in Table 3 below. 

 

Table 3. Tcog.max with different skew angles 

 

Skewing Angle Tcog.max (mNm) 

0° 492 

5° 206 

10° 10 

15° 100 

20° 10 

 

From Table 3, the effectiveness of appropriately choosing 

the skew angle concerning CT can be observed. If the skew of 

the stator is selected as 1 or 2 slots, corresponding to 10° and 

20°, the amplitude Tcog.max simulated for the experimental 

LSPMSM reduces by nearly 50 times. 

The CT waveform of the LSPMSM is periodic with the 

cycle of the power supply. The CT waveforms are subjected 

to FFT analysis to evaluate and analyze the harmonic 

components. The results of the harmonic component analysis 

of CT waveforms are shown in Figure 10. 

 

 
 

Figure 10. Fast Fourier transform (FFT) analysis of the 

cogging torque (CT) waveforms 

 

When performing the FFT analysis, it can be observed that 

the CT waveform contains harmonic components with both 

odd and even orders. This is due to the waveform being 

periodic but asymmetrical over half a cycle. This result 

demonstrates the consistency of the simulation with Eq. (7), as 

the CT characteristics contain harmonic components of 

varying orders. 

 

3.4 Electromagnetic torque characteristics 

 

CT is the parasitic torque of PM motors. This torque 

contributes to generating fluctuations in the operating torque. 

Therefore, for measures to mitigate CT, in addition to the CT 

characteristics, the ET characteristics must also be considered. 

The ET of the LSPMSM with various stator skew angles is 

simulated as shown in Figure 11. 

 

 
 

Figure 11. ET characteristics of line-start permanent magnet 

synchronous motors (LSPMSM) 

 

Similar to the current characteristics, the LSPMSM starts 

with a relatively high starting torque. In the case of no 

skewing, the time for the ET to reach steady state is longer. 

408



 

Additionally, in the steady state, the ET of the motor is not 

stable at the rated value (14.4 Nm) but fluctuates around this 

rated value with significant amplitude. 

In the steady-state mode, this level of fluctuation is desired 

to be as small as possible. The cause of this torque ripple is 

partly due to the CT [9]. Additionally, the coefficient k is used 

to evaluate the level of this fluctuation [35]. The coefficient k 

is defined: 

 

max min -  

avg

T T
k

T
=

 

(11) 

 

where, Tmax, Tmin represent the maximum and minimum value 

of the instantaneous torque, respectively, Tavg is the average 

value of the torque. The coefficient k is calculated and 

summarized as shown in Table 4. 

 

Table 4. Coefficient k of line-start permanent magnet 

synchronous motors (LSPMSM) 

 
Skewing Angle Tmax (Nm) Tmin (Nm) Coefficient k 

0° 16.27 13.05 0.23 

5° 15.95 13.35 0.19 

10° 14.93 14.04 0.06 

15° 15.87 13.98 0.14 

20° 15.04 14.19 0.06 

 

Thus, when operating in the steady state with skew angles 

of 10° and 20°, the ripple of the ET is minimized, with the 

corresponding coefficient k equal to 0.06. Thus, these results 

are entirely consistent with the analytical theory presented in 

Figures 2 and 3, as well as Eqs. (9) and (10). Therefore, to 

minimize CT, the stator can be skewed by an angle that is a 

multiple of one tooth, with the simplest approach being to 

skew one tooth of the stator. 

The maximum ripple occurs when the stator is not skewed, 

at which point the coefficient k equals 0.23, resulting in a 

reduction of the ripple by a factor of 6. It is evident that CT is 

one of the main causes of torque ripple in the steady-state 

operation of the motor. This level of ripple is effectively 

minimized using the method of skewed stator. 

 

3.5 Efficiency characteristics 

 

The efficiency of the LSPMSM is confirmed to be high. 

Therefore, the efficiency characteristics of the LSPMSM are 

also examined in this paper. The working efficiency of the 

LSPMSM is the ratio of mechanical power to the electrical 

power consumed. The efficiency characteristics are simulated 

as shown in Figure 12. 

 

 
 

Figure 12. Efficiency of line-start permanent magnet 

synchronous motors (LSPMSM) in steady state 

 

The LSPMSM in all cases within the simulation scenario 

exhibits an efficiency rating of IE4 (≥ 89.5%). Thus, the 

efficiency characteristics of the motor are also influenced by 

the skew angle. However, the variation in efficiency between 

the cases is not significant. The case with the lowest efficiency 

occurs when the stator is not skewed. The two skewed cases at 

10° and 20° exhibit the highest efficiency in steady-state time. 

Therefore, it is evident that CT also has a detrimental effect on 

the operating efficiency of the motor. 

 

 

4. EXPERIMENTAL RESULTS 

 

A LSPMSM 2.2 kW, 2p = 4 was fabricated for 

experimentation. The experimental LSPMSM has a stator and 

rotor configuration with dimensions for teeth, slots, PM slot 

sizes, PM materials, etc., similar to those used in the 

simulation. However, due to manufacturing difficulties, the 

authors only experimented with no skewed stator slots. The 

experimental model is shown in Figure 13. 

In the experimental model, the ZHKY901 torque sensor is 

used to measure the torque value. In the experiment, the 

ZHKY901 is connected coaxially with the experimental 

LSPMSM and the load. During the experiment, with no load, 

the shaft is rotated to measure the value of CT. The maximum 

experimental CT value obtained will be compared with the 

results obtained from the simulation shown in Figure 9. 

Experimental and simulation results of the maximum cogging 

torque value are presented in Table 5. 

 

 
 

Figure 13. Experimental diagram of the line-start permanent magnet synchronous motors (LSPMSM) 2.2 kW, 2p = 4 
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Table 5. The maximum cogging torque value  

 

Testing (mNm) Simulation (mNm) Error (%) 

485 492 1.5 

 

Table 5 shows that the results are consistent between the 

experiment and the simulation. The error between the 

experimental and simulated results is approximately 1.5%. 

Thus, the experimental results indicate that in the case of non-

skewed stator, the experimental and simulated outcomes are 

similar, with the actual error between the two methods being 

negligible. This result demonstrates the accuracy of the FEM 

software in simulations, confirming that it is a very effective 

tool for validating designs. Additionally, this result also 

affirms the accuracy of the simulation results with respect to 

other skewing angles of stator slot. 

 

 

5. CONCLUSIONS 

 

The LSPMSMs is a high-efficiency motor that can meet 

increasingly stringent standards for electric motors. With this 

advantage, the motor can be used to replace the currently 

popular IMs. However, the motor has some shortcomings that 

need to be addressed, such as difficulties in starting and CT 

during steady-state operation. Overcoming these shortcomings 

from the design stage will contribute to the widespread 

adoption of this motor. 

In this paper, a study is conducted on the impact of skewed 

stator method on reducing CT. The subject of the study is 

LSPMSM 2.2 kW, 2p = 4, Ns = 36. The parametric analysis 

method and FEA software are proposed for evaluation in 

simulations. The research results indicate a significant 

effectiveness in reducing CT when appropriately selecting the 

skew angle of the stator. With the skewing angles that are a 

multiple of one stator tooth, specifically 10° and 20°, there is 

an equivalent reduction in CT, with the peak amplitude of CT 

decreasing nearly 50 times compared to non-skewed. 

Additionally, skewed stator improves the motor's startup 

characteristics, resulting in faster startup times. The torque 

ripple is also significantly reduced, with reductions of 6 times 

observed at skew angles of 10° and 20% compared to non-

skewed. In terms of efficiency, the skew angles of 10° and 20° 

also yield the highest efficiency; however, the difference in 

efficiency levels is minimal. From these results, it can be 

concluded that the method of skewed stator should be applied 

in the manufacturing of LSPMSM due to its feasibility and 

effectiveness in mitigating CT and torque ripple - two 

significant drawbacks of LSPMSM. 
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