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Abstract 

The line-start synchronous permanent magnet synchronous motors have the advantages of high efficiency and line-starting 
capability. However, this type of motor has the drawback of high cogging torque, which is the main cause of vibration and noise 
during operation. Analyzing the factors affecting cogging torque is essential and important in the design of these motors. This paper 
studies the impact of magnet width on cogging torque. Theoretical analysis and finite element method simulations for the test motor 
show that the cogging torque can be significantly high, reaching up to 5% of the rated torque of the motor. Research results indicate 
that cogging torque can be reduced by decreasing the width of the permanent magnet. However, reducing the magnet width 
adversely affects the startup characteristics, torque, and efficiency of the motor, demonstrating the existence of an optimal width 
that balances cogging torque and other parameters in motor design. Additionally, the research results have been validated through 
experimental modeling, showing a close correlation in the shape of the cogging torque and the back eletromotive force 
characteristics, with a small error of less than 5%.  

Keywords: cogging torque; electric motor; line-start permanent magnet synchronous motor; permanent magnet; permanent 
magnet synchronous motor. 
 

 

Introduction 

Today, the use of efficient energy-saving sources has become a strategy for every country around the world 
(Gerstlberger et al., 2014; Liu and Ren, 2020). Currently, electric energy accounts for a significant proportion, 
approximately 40% of total global energy consumption (Lin and Li, 2020). Among electric loads, electric motors are 
currently the most important and largest consumers in the industrial sector, consuming up to 45% of electric energy 
(Almeida et al., 2010; Saidur, 2010). Utilizing high-efficiency motors to replace low-efficiency ones is a very effective 
solution in the strategy for energy conservation. Among various types of motors, the line-start permanent magnet 
synchronous motor (LSPMSM) has advantages such as high efficiency, high power factor, high energy density, and self-
starting capability (Ugale and Chaudhari, 2020; Anh-Tuan et al., 2016; Lin et al., 2020). Therefore, this type of motor is 
currently being researched and developed to partially replace the widely used squirrel-cage induction motors (Anh-Tuan 
et al., 2016; Lin and Li, 2020). 

Although the LSPMSM has been confirmed to have many advantages, it also has cogging torque (CT) due to its nature 
as a permanent magnet synchronous motor (PMSM). This CT arises from the interaction between the permanent 
magnets (PM) of the rotor and the stator’s slots. The CT leads to relatively high vibration and acoutic noise levels during 
operation (Do et al., 2022; Zhao et al., 2019). These drawbacks are directly related to the motor's construction, 
particularly concerning the design of the permanent magnets (PMs) in the LSPMSM. Research to mitigate these 
disadvantages of the LSPMSM is currently a focus of various studies. In study (Behbahanifard and Sadoughi, 2016), the 
impact of magnet placement on CT was highlighted. The paper proposes a design solution using a magnet shifting 
method to reduce CT for a 4-pole LSPMSM. Simulation results using finite element analysis (FEA) method and 
experimental data show that the magnet shifting method is a very effective measure for reducing CT in the LSPMSM. 
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Additionally, the research results indicate that this proposed method results in minimal iron core losses, with no change 
in the efficiency of the LSPMSM. In document (Jing et al., 2019), the influence of the number of poles and slots on CT 
was demonstrated. The paper proposes an analytical method that models the motor rotor as an equivalent magnetic 
motive force (MMF) distributed in the air gap (AG) to avoid the effects of rotor teeth and slots. Furthermore, calculations 
in the paper indicate that CT can be reduced by altering the number of stator slots. 

Dosiek and Pillay (2007) and Gao, et al., (2017) research the impact of the positioning of PMs and the shifting of magnet 
blocks within the rotor of the LSPMSM to reduce harmonics and torque in the motor (Dosiek et al., 2007; Gao et al., 
2017). From the results of study, two methods were proposed by Dosiek, et al., (2007) to reduce CT in PMSMs: magnet 
shifting and optimizing magnetic pole configurations by. Simulation results indicate that CT can be nearly eliminated 
when using these two proposed methods. Besides, Gao, et al., (2017) describe a method to reduce CT in PMSM using 
the elementary-cogging-unit (ECU) approach. This proposed method was applied to motors with configurations of 12 
slots/8 poles and 24 slots/8 poles. Results showed a reduction of 86.1% in CT for the 12-slot/8-pole machine and 95.5% 
for the 24-slot/8-pole machine. Additionally, the fundamental amplitude of the back electromotive force (B-EMF) 
waveform and the average value of the electromagnetic torque (ET) slightly decreased, but the THD index of the B-EMF 
waveform (B-EMF) and the ET ripple also showed a significant reduction. One of the key challenges in designing PMSM 
is to reduce CT (Abbaszadeh et al., 2011). In this research, the best shifting angles were determined to reduce CT using 
the method of design of experiments (DOE) in the design of the PMs. 

On the other hand, the arrangement of the stator significantly affects CT (Dajaku and Gerling, 2014). The paper proposes 
a proposed stator design with shifted openings to the right and left to reduce CT and torque ripples in the motor. To 
demonstrate the effectiveness of the proposed method, the paper applies the design and optimization approach to two 
configurations of PMSM used in steering and traction applications. As a result, the simulation indicates that for the 
steering motor, the CT obtained is lower than 70 mNm with the new stator design. Additionally, a stepped slot-opening 
shift method is proposed to reduce CT in interior PMSMs (Zhao et al., 2019). The paper suggests segmenting the slot 
openings along the axis and shifting them by an optimal angle. The paper simulates an 8-pole, 12-slot interior permanent 
magnet motor (IPM), and the simulation results show that CT is reduced by 78.5%, 83.6%, and 95.4% for the 2-step, 3-
step, and 5-step shifts, respectively. 

Furthermore, the impact of flux barriers on CT in design was analyzed (Cao and Liu, 2020). The paper proposes two 
methods to reduce CT: optimizing the flux barrier design and the rotor slots. The research results indicate that both 
methods significantly reduce the effects of CT. The first method shows a reduction of 66.29% in CT, while the second 
method results in a 25% reduction. The influence of magnet size and flux barriers on CT was highlighted (Arehpanahi 
and Kashefi, 2018), leading to the proposal of the idea to segment the PM blocks and optimize the flux barrier design. 
The optimization process was conducted using the response surface method (RSM) as an appropriate technology. With 
the proposed optimal design, results showed that CT was decreased by 62% compared to the original standard design. 

In other studies, the arrangement of the step-skew rotor also significantly affects CT (Luu et al., 2018). Based on the 
research results, the paper has identified suitable design parameters that can reduce CT in surface-mounted PMSM. 
Additionally, it was confirmed that the rotor step-skewing affects CT, indicating that significant reductions can be 
achieved by optimizing the number of rotor step skewing and the angle of the PM (Nian et al., 2019). However, changing 
the PM structure to a stepped inclination also results in a decrease in excitation torque and reluctance torque, which 
must be taken into consideration. 

Summarizing the research results, cogging torque is an important issue in the design of LSPMSMs. Recent studies have 
focused on investigating the arrangement of PM bars, optimizing the number of magnetic poles, calculating the optimal 
PM placement angle or assessing magnetic flux barriers. However, no research has addressed how the width of the PM 
affects the cogging torque of the LSPMSM. Therefore, the content of this paper analysis the impact of PM width on 
cogging torque, as well as the relationship between changes in width to reduce cogging torque and other operating 
parameters of the LSPMSM. The application focus is on a LSPMSM rated at 2.2 kW, 380/220V, and 2p=4. In this study, 
it is assumed that the configurations of the teeth, slots, magnetic circuit, windings, and squirrel cage of the stator and 
rotor remain unchanged, with the PMs made from NdFeB N40 type. The research employs theoretical analysis methods, 
followed by simulations using Ansys Maxwell to evaluate the CT in the LSPMSM. Additionally, some practical 
experiments in the laboratory will be conducted to validate the analysis results. 
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Methodology 

Study Based on Analysis 

In this section, the authors study the mathematical model and calculations related to the CT of LSPMSM based on 
analytical methods 

Mathematical Model of LSPMSM 

The mathematical model of the LSPMSM is expressed as follows, (Maraaba et al., 2018; Baradieh et al., 2018): 

{
𝑢𝑑𝑠 = 𝑟1𝑖𝑑𝑠 +

𝑑Ψ𝑑𝑠

𝑑𝑡
−𝜔𝑟Ψ𝑞𝑠

𝑢𝑞𝑠 = 𝑟1𝑖𝑞𝑠 +
𝑑Ψ𝑞𝑠

𝑑𝑡
+ 𝜔𝑟Ψ𝑑𝑠

             (1) 

{
𝑢𝑑𝑟
′ = 𝑟𝑑𝑟

′ 𝑖𝑑𝑟
′ +

𝑑Ψ𝑑𝑟
′

𝑑𝑡
= 0

𝑢𝑞𝑟
′ = 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ +

𝑑Ψ𝑞𝑟
′

𝑑𝑡
= 0

                     (2) 

{
Ψ𝑑𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚𝑑)𝑖𝑑𝑠 + 𝐿𝑚𝑑𝑖𝑑𝑟

′ +Ψ𝑚
′

Ψ𝑞𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚𝑞)𝑖𝑞𝑠 + 𝐿𝑚𝑞𝑖𝑞𝑟
′             

                 (3) 

{
Ψ𝑑𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑑𝑟
′ + 𝐿𝑚𝑑(𝑖𝑑𝑠 + 𝑖𝑑𝑟

′ ) + Ψ𝑚
′

Ψ𝑞𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑞𝑟
′ + 𝐿𝑚𝑞(𝑖𝑞𝑠 + 𝑖𝑞𝑟

′ )            
                  (4) 

where r  is the rotor angular velocity,   'm  is the stator flux generated by the PMs, Lls is the Leakage inductance of the 
stator winding,  Lmd and Lmq are the magnetizing inductances of d, q axes, ids, iqs, i'dr, i'qr are the stator and current of d, 
q axes. 

The ET of the LSPMSM is defined: 

𝑇𝑒𝑙 =
3

2
𝑝 [(𝐿𝑚𝑑 . 𝑖𝑑𝑟

′ . 𝑖𝑞𝑠 − 𝐿𝑚𝑞 . 𝑖𝑞𝑟.
′ . 𝑖𝑑𝑠)⏟                  

𝑇𝑖𝑛𝑑

+ 
𝑚
′ . 𝑖𝑞𝑠⏟    
𝑇𝑒𝑥𝑐

+ (𝐿𝑚𝑑 − 𝐿𝑚𝑞). 𝑖𝑑𝑠 . 𝑖𝑞𝑠⏟            
𝑇𝑟𝑒𝑙

]       (5) 

The ET: 

𝑇𝑒𝑙 = 𝑇𝑖𝑛𝑑 + 𝑇𝑒𝑥𝑐 + 𝑇𝑟𝑒𝑙              (6) 

Additionally, the mechanical torque equation of the motor is: 

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒𝑙 − 𝑇𝐿 − 𝐵𝜔𝑚               (7) 

where Te and TL are electromagnetic and load torques; B, J are the friction coefficient, and 
moment of inertia. 

Analysis of Cogging Torque of LSPMSM 

In terms of structure, the LSPMSM motor is a hybrid design combining an asynchronous motor with additional PMs 
mounted on the rotor (Anh-Tuan, et al., 2016). In the design of the LSPMSM with 2p=4, various types of magnet 
structures can be used when integrated into the LSPMSM’s rotor. This paper studies a typical LSPMSM with power 2.2 
kW and 2p=4, featuring embedded rectangular magnets, as shown in Figure 1. 
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 Configuration of LSPMSM 2.2kW, 2p=4. 

The CT is the interaction between the PMs mounted on the rotor and the slots on the stator (Bianchini et al., 2012; Wan 
et al., 2022). The CT is defined: 

𝑇𝑐𝑜𝑔 = −
𝜕𝑊(𝛼)

𝜕𝛼
               (8) 

where W() is the magnetostatic energy of the motor. The position angle  =00 is defined as the center of a PM, and   

is the angle between the centre position of the PM and that of a stator tooth. W() is defined: 

𝑊(𝛼) =
1

2𝜇0
∫𝐵2𝑑𝑉             (9) 

B is the flux density (FD) in the air gap (AG), therefore W() is determined (Zhang et al., 2010; Wang et al., 2003): 

𝑊(𝛼) =
∫[𝐵𝑟

2(𝜃)(
ℎ𝑚

ℎ𝑚+𝛿(𝜃,𝛼)
)
2
]𝑑𝑉

2𝜇0
                      (10) 

where Br() is the distribution of the remanence of the PM in the AG as a function of angle θ, hm is the PM’s length in 

the direction of magnetization, and δ(,α) is the distribution of the effective AG length. B2
r() and [hm/(hm+(, ))]2 are 

periodic functions and will be analyzed as Fourier expansion. Thus, if B2
r() and [hm/(hm+(, ))]2 can be determined, it 

will be possible to calculate the energy W(α) from which the CT of the LSPMSM can be determined. 

Fourier Expansion of B2r() 

The FD distribution Br() in the AG due to the remanence of the PM is shown in Figures 2 and 3. The analysis of B2
r()  

into Fourier expansion is as follows (Wang et al., 2003): 

𝐵𝑟
2(𝜃) = 𝐵𝑟0 + ∑ 𝐵𝑟𝑛 cos 2𝑛𝑝𝜃

∞
𝑛=1                        (11) 

where 

𝐵𝑟0 = 𝛼𝑝𝐵0𝑟
2                         (12) 

𝐵𝑟𝑛 =
2

𝑛𝜋
𝐵0𝑟
2 sin(𝑛𝛼𝑝𝜋)                        (13) 

p is the number of pole pairs, B0r is the amplitude of the FD in the AG generated by the remanence of PMs, and p is the 
pole arc coefficient of PM, as shown in Figure 2 below (Bianchini et al., 2012). 
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 Pole pitch and pole arc (p) of LSPMSM. 

The distribution of magnetic FD Br() due to the remanence of the PM in the AG will be as shown in Figure 3. 

 

 Distribution of magnetic FD Br() in air gap. 

Fourier Expansion of [hm/(hm+(, ))]2 

The LSPMSM has rotor and stator slots; therefore, δ(,α) is splited into the AG on the rotor and stator sides, denoted as 

δr(,α), δs(,α). The Fourier transform of δ(,α) is the superimposing of the Fourier expansion of δr(,α), δs(,α) (Wang 
et al., 2003). 

𝛿𝑠(𝜃, 𝛼) = 𝛿𝑠0 + ∑ 𝛿𝑠𝑛 cos 𝑍1(𝜃 − 𝛼)
∞
𝑛=1                       (14) 

𝛿𝑟(𝜃, 𝛼) = 𝛿𝑟0 + ∑ 𝛿𝑟𝑛 cos 𝑝𝜃
∞
𝑛=1                        (15) 

The approximation of [hm/(hm+(, ))]2 can be calculated as: 

(
ℎ𝑚

ℎ𝑚+𝛿(𝜃,𝛼)
)
2

≈ 1 − 1.646
𝛿𝑠(𝜃,𝛼)+𝛿𝑟(𝜃,𝛼)

ℎ𝑚
+ (

𝛿𝑠(𝜃,𝛼)+𝛿𝑟(𝜃,𝛼)

ℎ𝑚
)
2

                   (16) 

Cogging Torque of the LSPMSM 

From Eq. (11) and (16) substituted into (10), the Eq. (17) for the CT of the LSPMSM is determined (Zhang et al., 2010): 
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𝑇𝑐𝑜𝑔 =
𝑍1𝐿𝐹𝑒(𝑅𝑠

2−𝑅𝑟
2)

8𝜇0𝑘𝑠
.

[
 
 
 
 
 
 
 
 
 
 
 
 
 2 [

2

ℎ𝑚
2 (𝛿𝑠0 + 𝛿𝑟0) −

1.646

ℎ𝑚
] . ∑ 𝛿𝑠𝑚𝐵𝑟𝑚𝑍1

2𝑝

sin𝑚𝑘𝑠𝜋 sin𝑚𝑍1 (𝛼 +
𝑘𝑠𝜃𝑠1

2
)∞

𝑚=1

+
2

ℎ𝑚
2 ∑ 𝛿𝑠𝑚𝐵𝑟𝑚𝑍1

2𝑝

sin 2𝑚𝑘𝑠𝜋 sin 2𝑚𝑍1 (𝛼 +
𝑘𝑠𝜃𝑠1

2
)∞

𝑚=1                                   

+
4𝐵𝑟0

ℎ𝑚
2 ∑ 𝛿𝑠𝑚𝛿𝑟𝑚𝑍1

2𝑝

sin𝑚𝑘𝑠𝜋 sin𝑚𝑍1 (𝛼 +
𝑘𝑠𝜃𝑠1

2
− 𝛽0)

∞
𝑚=1                            

+
4

ℎ𝑚
2 ∑ ∑ ∑ 𝐵𝑟𝑚 𝛿𝑠𝑛𝛿𝑟𝑘sin

2𝑚𝑘𝑠𝜋

𝑍1
sin 2𝑚 𝑝 (𝛼 +

𝑘𝑠𝜃𝑠1

2
)∞

𝑘=1
∞
𝑛=1

∞
𝑚=1                  

+ (𝑤ℎ𝑒𝑛: 2𝑚𝑝 ± 𝑛𝑍1  ± 𝑘𝑍1 = 0)                                                                     
2

ℎ𝑚
2 ∑ ∑ ∑ 𝐵𝑟𝑚 𝛿𝑠𝑛𝛿𝑟𝑘sin𝑛𝑘𝑠𝜋 sin (𝑛𝑍1𝛼 + 𝑛𝑍1

𝑘𝑠𝜃𝑠1

2
+ 𝑘𝑍2𝛽0)

∞
𝑘=1

∞
𝑛=1

∞
𝑚=1

+ (𝑤ℎ𝑒𝑛: 2𝑚𝑝 +  𝑛𝑍1 + 𝑘𝑍2 = 0 𝑜𝑟 2𝑚𝑝 −  𝑛𝑍1 − 𝑘𝑍2 = 0)                    
2

ℎ𝑚
2 ∑ ∑ ∑ 𝐵𝑟𝑚 𝛿𝑠𝑛𝛿𝑟𝑘sin𝑛𝑘𝑠𝜋 sin (𝑛𝑍1𝛼 + 𝑛𝑍1

𝑘𝑠𝜃𝑠1

2
− 𝑘𝑍2𝛽0)

∞
𝑘=1

∞
𝑛=1

∞
𝑚=1 ]

 
 
 
 
 
 
 
 
 
 
 
 
 

               (17) 

where m is the least common multiple of the number of stator slots and the number of p; Z1, Z2 are the number slots of 
stator and rotor; Rs and Rr are the inner radius of the stator and the outer radius of the rotor; LFe is the length of the 
stator, respectively. 

Eq. (17) shows that cogging torque consists of a combination of high-order harmonics, exhibiting strong nonlinearity. 
This explains that the presence of cogging torque can cause significant vibrations and high noise levels in the LSPMSM, 
making it essential to minimize cogging torque in the design of the LSPMSM. Thus, considering the presence of Tcog, the 
mechanical torque Eq. (7) of the motor established in the LSPMSM’s mathematical model will be modified as follows: 

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒𝑙 + 𝑇𝑐𝑜𝑔 − 𝑇𝐿 − 𝐵𝜔𝑚                       (18) 

Eq. (18) shows the contribution of cogging torque in the torque formula, which differs from Eq. (7). This demonstrates 
that when cogging torque is significant, it will affect the electromechanical parameters (speed and torque of the motor). 
Since cogging torque is a function containing many high-order components, as indicated in Eq. (17), its presence will 
degrade the speed and torque characteristics, particularly leading to strong fluctuations. 

Air Gap Flux Density 

The paper utilizes the research results (Stoia et al., 2009) to determine the amplitude of the FD in the AG B0r generated 
by the remanence of the PM in Eq. (12) and Eq. (13). In the calculations, the equivalent circuit diagram for the LSPMSM 
with 2p=4 without armature reaction is presented in Figure 4. 

 

 The equivalent circuit of the LSPMSM without armature reaction. 

The operating characteristics of the PM shown in Figure 5. 

 

 Determining of the operating point of the PM; (Lrec) – the recoil line of PM; (Ll0) - the load line without armature 

reaction; (L0) – the AG load line. 
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The equations of the characteristic curves Lrec và Ll0 are presented: 

 = 𝑟𝑒𝑚 + 𝑀𝐹                       (19) 

 = −𝑡𝐹                        (20) 

Thus, the operating point of the PM N0 (N0, FN0) is determined as follows: 

𝑁0 = 𝑟𝑒𝑚
𝑡

𝑡+𝑀
                        (21) 

𝐹𝑁0 =
𝑟𝑒𝑚

𝑡+𝑀
                        (22) 

The the permeance of magnetic circuit is defined as: 

𝑡 = 𝛿 + 𝜎 = 𝑘𝜎𝑀 .𝛿                       (23) 

where  is the permeance of the AG, representing the useful permeance corresponding to the useful flux circulating 

from the rotor through the AG to the stator.  is the leakage permeance component, corresponding to the closed flux 
of each PM or the leakage flux through the stator slots, rotor, non-magnetic materials, and the AG between the magnet 
and the steel sheet. 

The permeance of PM is defined as: 

 𝑀 =
𝜇0𝜇𝑟𝑒𝑐𝑆𝑀

ℎ𝑚
                        (24) 

where SM is the cross-sectional area of the PM, thus, the flux of the AG without armature reaction is determined as 
follows: 

𝛿0 =
𝛿

𝑀/𝑘𝜎𝑀+𝛿
𝑟𝑒𝑚                         (25) 

where the coefficient of the PM leakage kM  is determined as 

𝑘𝜎𝑀 = 1 +
4ℎ𝑚

𝜋𝜇𝑟𝑒𝛼𝑝𝜏𝑝
ln [1 +

𝜋𝛿

(1−𝛼𝑝)𝜏𝑝
]                      (26) 

The permeance of AG gap  is determined as: 

𝛿 = (𝛼𝑝𝜏𝑝𝐿𝐹𝑒𝜇0)/(𝛿𝑘𝐶)                       (27) 

where p is the pole pitch length,  is the AG length, and kC is Carter's coefficient. kC is determined as kC=kCs.kCr when 
there are slots in both the stator and rotor. kCs is determined: 

 𝑘𝑐𝑠 = (𝜏𝑠𝑠)/(𝜏𝑠𝑠 − 𝛾𝑠𝛿)                       (28) 

 𝛾𝑠 =
4

𝜋
[
𝑏𝑂𝑠

2𝛿
𝑎𝑟𝑐𝑡𝑔

𝑏𝑂𝑠

2𝛿
− ln√1 + (

𝑏𝑂𝑠

2𝛿
)
2
]                     (29) 

Thus, from Eq. (25), if we neglect the saturation, the flux of the AG without armature reaction is determined: 

𝛿0 =
𝑟𝑒𝑚

𝑘𝜎𝑀+𝜇𝑟𝑒𝑐𝑘𝑐
𝐶
𝐶𝑝

                                       (30) 

where 

𝐶 =
𝑆𝑀

𝑆𝑝
                          (31) 

𝐶𝑝 =
ℎ𝑚

𝛿
                         (32) 

From Eq. (30), the FD of the AG B0r  without armature reaction can be calculated: 



704     The Vinh Do & Nguyen Anh Vu Le 

𝐵0𝑟 =
𝐵𝑟𝑒𝑚

𝑘𝜎𝑀+𝜇𝑟𝑒𝑐𝑘𝑐
𝐶
𝐶𝑝

                        (33) 

The back-electromotive force is determined as follows: 

 𝐸0 = 4.44𝑓𝑤𝑘𝑤
𝑟𝑒𝑚

𝑘𝜎𝑀+𝜇𝑟𝑒𝑐𝑘𝑐
𝐶
𝐶𝑝

                                (34) 

From Eq. (12), (13) and (33), it is observed that the value and distribution of the FD in the AG are significantly influenced 

by the width of the magnet (p). Therefore, this leads to the CT generated in LSPMSM being affected as per Eq. (17). 
Additionally, Eq. (17) also indicates that the CT can be analysed into higher harmonic components, suggesting that when 
the width of the magnet changes, the level of harmonics and the ratio of harmonic components present in the CT also 
change. The analysis above demonstrates that the width of the magnet significantly affects the CT of the motor. Studying 
the extent of this influence will aid in improving the design quality of LSPMSMs. 

Study Based on Simulation 

The experimental LSPMSM with the specifications: 2.2 kW, 2p=4, voltage 380/220V is used to evaluate the influence of 
the width of the PM on CT.  Detailed parameters of the motor are presented in Table 1. 

Table 1 LSPMSM parameters 

Parameters Symbol Value Unit 

Stator outer diameter Din 245 mm 

Stator inner diameter Dout 152 mm 

Rotor outer diameter D’ 151 mm 

Rotor shaft diameter Dt 52 mm 

Stator steel material Steel 1008   

Number of stator slots Z1 36 slots 

Number of rotor slots Z2 28 slots 

Air gap length  0,5 mm 

Power supply voltage Un 380/220 VAC 

Power supply frequency f 50 Hz 

Magnet material  NdFeB-N40  

Magnet dimensions lM x hM x wM 70 x 5 x 33 mm 

Ansys/Maxwell software is applied to simulate, analyse, and evaluate the characteristics and parameters of the 
experimental LSPMSM motor in Table 1. The model of the 2.2 kW LSPMSM is simulated as shown in Figure 6. 

 

 LSPMSM model of 2.2kW, 4p in simulation. 

Furthermore, in this paper the simulation scenario involves changing the dimensions of the PM to assess the influence 
of the width of the PM (wM) on the CT of the LSPMSM. The preliminary calculated width of the magnet is wM=33mm 
(Table 1), with the maximum PM width occurring when the PM fully occupies the rectangular slot (Figure 6), 
wM.max=35mm. Reducing the width will decrease the coverage area of the PM on the rotor surface, thereby reducing the 
induced B-EMF of the LSPMSM as well as the magnetic field strength generated by the PM. Therefore, to ensure 
symmetrical increases and decreases in the PM width on both sides, the width of the PM is varied in the range of wM=31 
to 35mm with an adjustment step of 1 mm. 
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Results  

The paper conducts analytical calculations, simulations, and laboratory experiments on several characteristics and 
operating parameters of the motor to evaluate the impact of the width of the PM on CT. The results of the calculations, 
simulations, and experiments are as follows: 

Simulation Results 

The model of the 2.2 kW motor in Ansys/Maxwell constructed above is used. The CT and several characteristics of the 
motor are simulated. Some simulation results with Ansys/Maxwell applying the FEA method are shown below: 

Speed Characteristics 

The LSPMSM’s speed characteristics during the simulation are shown in Figure 7. 

 

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

The results in Figure 7 show that when the width of the PM wM changes from 31 mm to 35 mm, the LSPMSM can start 
under rated load. The starting characteristics of the LSPMSM improve as the width of the magnet increases.  An 
investigation of the starting parameters of the LSPMSM motor based on the width of the PM is presented in Table 2 
below. 

Table 2 Parameters for evaluating the speed characteristics.  

wM (mm) Transient time tts (s) Speed deviation  (rpm) 

31 1.23 1 

32 1.26 2 

33 1.11 4 

34 1.12 6 

35 1.12 9 

The results in Table 2 indicate that among the surveyed dimensions, the best starting characteristics correspond to a 
PM width of wM = 33 mm. When the width is reduced, the starting time increases, and the amplitude of oscillation 
decreases; conversely, when the width is increased, both the starting time and frequency deviation increase. This can 
be explained by the fact that changing the width of the PM leads to an increase in the magnetic flux density in the AG, 
as described by Eq. (33). Reducing the width of PM decreases the magnetic flux density, resulting in a reduction of the 
excitation torque, as stated in Eq. (6) and (18), making it difficult for the LSPMSM to synchronize. Conversely, increasing 
the width of the PM leads to an increase in CT, as indicated in Eq. (17), which adversely affects the starting 
characteristics, as shown in Eq. (18). 

Air Gap Flux Density Distribution 

The simulation results of the FD distribution in the AG, generated by remanence the PM without armature reaction, are 
shown in Figure 8 below. 
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 The FD distribution in the AG. 

From Figure 8, the distribution of B0r() is influenced by the stator and rotor slots, thus the distribution B0r() is not flat 

as shown in Figure 3. The average value of B0r() in the range p is determined between the simulation with FEM and 
the analytical calculations in section 3.3, using the motor parameters in Table 1 and different values of wM as shown in 
Table 3 below. 

Table 3 Analytical calculation and simulation values B0r. 

wM (mm) 
Analytical calculation 

B0r (T) 
FEM simulation 

B0r (T) 
Error 

E% 

31 0.405 0.4027 5.7 
32 0.420 0.4178 5.2 
33 0.450 0.4326 3.9 
34 0.471 0.4473 5.0 
35 0.480 0.4619 6.8 

From Table 3, it can be observed that in the range p , the analytical calculation and simulation of FD distributions are 
equivalent. The maximum error occurs when wM=35mm, where the discrepancy between the two methods is largest, 
reaching a value of 6.8%. Thus, it can be concluded that the analytical calculation method as in Eq. (33) and the 
simulation are comparable, with the error being at an acceptable level. 

Phase Back-EMF 

With different values of wM, the simulation results of the phase B-EMF are shown in Figure 9 below. 

  

(a) (b) 

 Phase B-EMF of LSPMSM 2.2kW, 2p=4: (a) composite characteristic graph and (b) single characteristic graph with 
wM=33mm.   

The simulated waveform of the B-EMF of the motor is not sinusoidal in Figure 9, but has got a head flap that contain 
sawtooth shapes. This is due to the magnetic field primarily passing through the stator teeth of the motor, which affects 
the magnetic field passing through the stator windings. The FFT analysis of the B-EMFW shows the harmonic 
components of the LSPMSM, as shown in Figure 10. 
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 FFT analysis of phase B-EMFW of LSPMSM. 

In Figure 10, the B-EMFW contains many odd-order harmonic components. Notably, the significant harmonic 
components in this case are the 3rd, 13th, and 15th orders. The total harmonic distortion (THD) index is utilized to assess 
the harmonics of the B-EMF. In addition to the THD index, ΔE% is the deviation index between the fundamental 
amplitude of the waveform and the rated phase voltage of the power supply, which is used to evaluate the B-EMF of 
the LSPMSM (Do et al., 2024). 

∆𝐸% = |
𝐸1𝑁𝐵−220

𝐸1𝑁𝐵
. 100%|                        (35) 

where E1NB is the rms of the no-load electromotive force of the fundamental waveform. The results of the FFT analysis 
of the harmonic components are provided in Table 4. 

Table 4 FFT analysis of the harmonic components of the B-EMFWs. 

wM (mm) 1st 3rd 13th 15th THD E% 

31 172.2 26.7 8.8 12.1 18.2 27.9 

32 178.4 28 9.1 12.8 18.4 23.5 

33 184.45 29.4 9.4 13.5 18.6 19.5 

34 190.4 30.9 9.8 14.2 18.9 15.8 

35 196.2 32.6 10.1 14.9 19.4 12.2 

The results in Table 4 show that as the width of the PM increases, the THD of the B-EMFW shows a slight upward. 
Correspondingly, the harmonic components of the 3rd, 13th, and 15th orders also increase. However, it can also be 
observed that as wM increases, the amplitude of the fundamental waveform increases significantly, leading to a rapid 
decrease in the voltage deviation of the fundamental B-EMF ΔE% dropping from 27.9% at wM=31mm to 12.2% at wM=35 
mm. This is entirely consistent with the theory presented in Eq. (34). 

Cogging Torque Characteristics 

The simulation results of the CT for the 2.2 kW LSPMSM with different wM according to the simulation scenario are 
shown in Figure 11. 

 

 The CT versus mechanical degrees. 
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The CT exhibits a periodic cycle corresponding to one tooth of the stator (equivalent to 100 with a stator having 36 slots) 
in Figure 10. The FFT analysis of the CT waveform yields the results shown in Figure 12. 

 

 FFT expansion of CT wave. 

In addition to the amplitude of the fundamental waveform with frequency f1, the CT contains many harmonic 
components that are multiples of the fundamental frequency in Figure 12. It can also be observed in Figure 12 that the 
harmonics of orders 2nd, 4th, and 7th have significant amplitudes. The research results on CT when varying the magnet 
width of the LSPMSM are presented in Table 5 below. 

Table 5 FFT expansion of CT.  

wM (mm) 
1st 

(mNm) 

2nd  

(mNm) 

4th 

(mNm) 

7th 

(mNm) 

31 324 114 38 50 

32 349 127 42 52 

33 375 140 47 54 

34 402 157 53 56 

35 431 176 59 57 

The width of the PM wM varies from 31 mm to 35 mm, which causes the amplitude of the CT to change and gradually 
increase with the width of the magnet. The maximum amplitude of the CT is relatively high, peaking when wM=35mm, 
at which point the peak value of the CT reaches 0.68 Nm. This maximum amplitude reaches 5% compared to the rated 
torque of the motor (14 Nm). Additionally, besides the fundamental component in the CT, there are many components 
that are integer multiples of the fundamental frequency (including both even and odd multiples), which is fully 
consistent with the theoretical basis analysed in Eq. (17) above. 

Electromagnetic Torque 

The simulation results of the ET for the LSPMSM 2.2 kW are shown in Figure 13. 

 

 The ET of LSPMSM. 

Thus, in the steady state mode with the characteristics of the electromagnetic force shown in Figure 13, the LSPMSM 
operates unstably. At this point, the ET of the LSPMSM oscillates around the rated torque. To assess the level of torque 
ripple, some studies use the torque ripple coefficient k. The coefficient is defined through the values of maximum 
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torque, minimum torque, and average torque. In summary, the formula is used for calculating the torque ripple factor 
in the study as follows (Song et al., 2020): 

𝑘 =
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

𝑇𝑎𝑣𝑔
                         (36) 

where Tmax, Tmin, Tavg represent the maximum, minimum and average value of torque respectively. Summary of the 
calculated torques of the LSPMSM for different wM values is presented in Table 6 below. 

Table 6 Calculation of k for evaluating the working torque. 

wM (mm) Tmax Tmin Torque ripple coefficient k 

31 16.2 12.2 0.285 
32 16.5 12.2 0.307 
33 16.9 11.9 0.357 
34 16.4 11.3 0.364 
35 16.3 11.1 0.378 

When wM increases, the coefficient k also increases, as shown in Table 6. That is in this case, an increase in wM leads to 
a greater level of fluctuation in the ET during steady-state operation. This can be explained by the fact that CT is one of 
the additional torques that significantly affects the ET of the motor. Moreover, it was noted that the amplitude of the 
CT reaches its maximum value at wM=35 mm, meaning that the level of fluctuation in the ET caused by CT will be at its 
highest. Additionally, it can be found that when operating in steady-state with different wM values, the LSPMSM exhibits 
a very high amplitude of ET fluctuation (over 28.5%). This can be explained by the presence of CT components, which 
contain many high-order harmonics as described in Eq. (17). This will cause significant fluctuations in the 
electromagnetic torque of the LSPMSM, as shown in Eq. 18. As the cogging torque increases, the level of fluctuations 
also increases, thus the simulation results are entirely consistent with the theoretical results established. 

Efficiency Characteristics 

Efficiency characteristics of the LSPMSM in steady-state operation as shown in Figure 14. 

 

 Efficiency of LSPMSM 2.2kW, 2p=4. 

The efficiency of the motor remains high with varying values of the wM as shown in Figure 14. When compared to the 
energy efficiency standard IEC/EN 60034-30-1 on efficiency classes of line operated AC motors, the LSPMSM with wM ≥ 
33 mm meets the IE4 standard (η≥ 89.5%). The other two cases of the LSPMSM meet the IE3 standard (η≥ 86.7%). 

Experimental Results 

The authors fabricated a 2.2 kW, 2p=4 LSPMSM for experimental purposes. In this experimental LSPMSM, the authors 
used PMs with wM=33 mm. The team also established a measurement and testing model for the motor based on the 
schematic shown in Figure 15 to measure the experimental parameters of the LSPMSM. 
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 Schematic diagram of the LSPMSM testing. 

The ZHKY901 torque sensor is used to measure the shaft torque. This torque sensor is mounted coaxially with the 
experimental LSPMSM. A torque DAQ device is utilized in the measurement model. This device is capable of processing 
data collected from the torque sensor, handling data, and transmitting it to a computer. Additionally, a Protek 5060 
oscilloscope is used, connected to the outputs of the sensors to measure the waveform of signals such as current, 
voltage, etc. 

Cogging Torque 

The CT of the experimental motor is measured using the ZHKY901 sensor, with data collected and processed through 
the torque DAQ device. By varying the rotor's rotation angle when not powered, the sensor and DAQ device record the 
values of the shaft torque. These measured values correspond to the CT at different rotation angles. Additionally, based 
on the experimental schematic in Figure 15, the research team installed the LSPMSM, sensors, and measurement 
devices for the experiment. The experiment to measure CT was conducted in the laboratory as shown in Figure 16. 

 

 Testing CT of LSPMSM. 

The results of the CT measurements from the LSPMSM experiment are presented in Figure 17 

 

 Experimental CT versus rotor position. 

There is a similarity in the shape of the CT characteristics between the experimental and simulated data shown in Figure 
11, as illustrated in Figure 17. The error margin between the experimental and simulated CT is ΔTcog = 5%. However, the 
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simulated characteristics in Figure 11 display distinct peaks and valleys of the CT, which are not observed in the 
experimental data. This discrepancy is consistent with the fact that during the experimental process, only discrete 
parameters could be measured. 

Testing Phase Back-EMF 

In the study, the paper also experimentally measures the B-EMFW of the LSPMSM. The experimental LSPMSM is 
connected to a secondary motor, which is a synchronous motor operating at a speed of 1,500 rpm. At this point, the 
experimental LSPMSM functions as a generator, although its output is left open-circuit. The voltage waveform measured 
at the terminals of the experimental LSPMSM will represent the B-EMF. The waveform of the B-EMF of the LSPMSM is 
measured and displayed using the Protek 5060 oscilloscope. The experimental results of the B-EMF are shown in Figure 
18 below 

 

 Phase B-EMF of testing LSPMSM. 

The waveform of the B-EMF of the LSPMSM is not sinusoidal; it has a flat head shape and exhibits a sawtooth appearance 
due to the influence of the tooth and stator slot configuration, as seen in Figure 16. The error margin of the B-EMF 
between the experimental and simulated results is ΔE=4%, indicating a good agreement between theory and 
experiment when studying the effect of magnet width on the parameters of the LSPMSM. 

Discussion 
This paper discusses the impact of the width of the PMs on CT, as well as other characteristics and operating parameters 
of the LSPMSM with 2p=4. The results of the theoretical analysis demonstrate the presence of CT in the mathematical 
equation describing the torque of the LSPMSM, as indicated in Eq. (18).  The research results also indicate that CT can 
be reduced by decreasing the width of the PMs. However, reducing the width may lead to increases in certain 
parameters and characteristics, such as starting performance, B-EMF, efficiency, and torque ripple.  The simulation 
results using FEA for the LSPMSM rated at 2.2 kW and 2p=4, with magnet widths varying from 31 mm to 35 mm, indicate 
that the CT can reach significant values, potentially up to 5% of the rated torque at wM=35mm, this leads to increased 
vibration and acoustic noise levels in the LSPMSM.  

The paper also conducted experiments on the CT and B-EMF parameters of the LSPMSM, 2.2kW, 2p=4, the experimental 
results indicate a similarity in the characteristic shapes of CT and B-EMFW between the experimental and simulated 
results, with an error of ΔTcog=5% for the CT characteristics and ΔE%=4% for the B-EMF characteristics. This 
demonstrates a good agreement between theory and experiment when studying the effect of magnet width on the 
parameters of the LSPMSM. 

In summary, the paper essentially investigates the influence of PM size on CT. The paper combines theoretical research 
on CT with the application of FEA software for simulation to validate the theoretical analysis. Finally, a prototype of 
LSPMSM is tested to confirm the accuracy of the CT simulation results. From the research results, some conclusions 
regarding PM sizes are drawn in the design to minimize CT during operation. 

Conclusion 

For PM motors in general and LSPMSMs in particular, one of the main drawbacks is the presence of CT, which arises 
from the interaction between the PMs attached to the rotor and the slots on the stator. Recent studies have focused 
on investigating the arrangement of PM bars, optimizing the number of PM poles, determining the optimal PM 
placement angle, or calculating magnetic flux barriers. However, there has been no research addressing how the width 
of the PM affects the CT of the LSPMSM. In addition to CT, the paper also highlights the impact of magnet width on 
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other operating parameters of the LSPMSM, such as speed characteristics, B-EMF characteristics, and efficiency. The 
simulation results demonstrate a significant influence of magnet width on these parameters. 

Additionally, the research findings of this paper also demonstrate that reducing the width of the magnet can decrease 
CT, but it adversely affects other operating characteristics of the LSPMSM. This indicates the existence of an optimal 
width value of PM that minimizes CT while still allowing for the selection of other suitable parameters. This will be the 
focus of further research on this issue regarding the selection of optimal dimensions of PMs in LSPMSM design. 

Compliance with ethics guidelines   
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