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 
Abstract—Cogging torque and electromagnetic vibration are 

two important factors for evaluating permanent magnet 
synchronous machine (PMSM) and are key issues that must be 
considered and resolved in the design and manufacture of 
high-performance PMSM for electric vehicles. A fast and 
accurate magnetic field calculation model for interior permanent 
magnet synchronous machine (IPMSM) is proposed in this article. 
Based on the traditional magnetic potential permeance method, 
the stator cogging effect and complex boundary conditions of the 
IPMSM can be fully considered in this model, so as to realize the 
rapid calculation of equivalent magnetomotive force (MMF), air 
gap permeance, and other key electromagnetic properties. In this 
article, a 6-pole 36-slot IPMSM is taken as an example to establish 
its equivalent solution model, thereby the cogging torque is 
accurately calculated. And the validity of this model is verified by 
a variety of different magnetic pole structures, pole slot 
combinations machines, and prototype experiments. In addition, 
the improvement measure of the machine with different 
combination of pole arc coefficient is also studied based on this 
model. Cogging torque and electromagnetic vibration can be 
effectively weakened. Combined with the finite element model and 
multi-physics coupling model, the electromagnetic characteristics 
and vibration performance of this machine are comprehensively 
compared and analyzed. The analysis results have well verified its 
effectiveness. It can be extended to other structures or types of 
PMSM and has very important practical value and research 
significance. 
 

Index Terms—Cogging torque, different combination of pole 
arc coefficient, electromagnetic vibration, interior permanent 
magnet synchronous machine.  

I. INTRODUCTION 

ITH the increasingly severe environmental problems and 
energy situation, new energy vehicles are gradually  
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replacing traditional fuel vehicles to become the trend of future 
automotive development [1]. Among them, electric vehicles 
have received extensive attention and the machine is 
considered to be the key component of its electric drive system. 
In recent years, permanent magnet synchronous machine 
(PMSM) has broad application prospects in the field of electric 
drives due to its high power/torque density, high efficiency, and 
high reliability [2][3]. Compared with surface-mounted PMSM, 
interior permanent magnet synchronous machine (IPMSM) is 
more popular due to its superior electromagnetic characteristics 
such as wide speed range and high overload capacity [4][5]. It 
is worth mentioning that, for IPMSM, the torque ripple and 
electromagnetic vibration caused by cogging, reluctance and 
permanent magnet (PM) torque have always been thorny issues 
restricting its further development [6]. Especially when electric 
vehicles are running under complex operating conditions, these 
defects tend to cause electromagnetic mechanical problems 
such as irreversible demagnetization, low output torque/power, 
temperature rise, bearing wear, and noise. Therefore, the 
research on cogging torque and electromagnetic vibration of 
IPMSM is particularly important in its design stage [7].  

The numerical calculation method represented by finite 
element method (FEM) and the analytical method represented 
by magnetic circuit method, equivalent surface current method, 
and subdomain method are the main methods to analyze the key 
electromagnetic characteristics of PMSM such as cogging 
torque. The influence of the complex structure, saturation, 
temperature rise, and magnetic flux leakage can be fully 
considered in FEM, which has good calculation accuracy [8]. 
However, a lot of computing resources and time need to be 
consumed, and the internal correspondence between 
electromagnetic characteristics and structural parameters is 
difficult to be accurately analyzed, which is not conducive to 
the optimization from the mechanism. In recent years, various 
analysis methods have emerged one after another. A magnetic 
equivalent circuit model of the AC homopolar machine for 
flywheel energy storage is proposed, which greatly shortens the 
calculation time [9]. An improved equivalent surface current 
method for surface-mounted PMSM is developed [10]. 
Combining the subdomain model and vector magnetic potential 
superposition method, the mutual transformation between the 
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local and global coordinate systems is adopted, which avoids 
calculation complexity. In addition, the precise subdomain 
method is widely used in the calculation of spoke-type PMSM 
[11], surface-mounted PMSM [12], PMSM with rotor eccentric 
[13], and other machines due to its high accuracy. It is 
undeniable that the existing analytical methods are still mainly 
applicable to surface-mounted PMSM, and their applicability 
to IPMSM is still limited by its complex structure, and it is 
often necessary to sacrifice calculation accuracy to meet the 
prerequisites. And preliminary modeling work for different 
structures often requires a lot of time. 

Many scholars have done a lot of research on the reduction 
and improvement of cogging torque and electromagnetic 
vibration for IPMSM [14]. Effective reduction measures such 
as unequal tooth width [15], harmonic pole-cutting [16], 
magnetic pole offset [17], pole arc coefficient selection [18], 
and adding auxiliary slots [19] have been proposed one after 
another. Stator skew slots and rotor skew poles are very popular 
among researchers in IPMSM for electric vehicles [20]. 
However, they have been criticized for their machining 
difficulties and electromagnetic sacrifices. Similarly, the 
machine with “\”-type, “V”-type, and “Z”-type rotor skew 
poles will also introduce unbalanced magnetic pulling force, 
which in turn will cause electromagnetic vibration and shorten 
its life [21]. In addition, the electromagnetic excitation force 
wave, as another main factor of vibration, needs to be studied 
while weakening the torque ripple caused by cogging torque. 
Especially for the design of IPMSM for electric vehicles, not 
only the influence of low-order excitation force wave 
amplitude on electromagnetic vibration and mechanical life, 
but also the electromagnetic magnetic resonance phenomenon 
caused by excitation force wave and natural frequency of the 
same order vibration mode are considered [22]. 

To solve the aforementioned conflicts, a magnetic field 
calculation model suitable for IPMSM is first given in Section 
Ⅱ. Based on traditional magnetic permeance method, the stator 
cogging effect and the influence of complex boundary 
conditions can be fully considered in this model, so as to 
achieve the fast calculation of equivalent magnetomotive force 
(MMF), equivalent air gap permeance/effective air gap length, 
and other key electromagnetic properties. Its accuracy, 
universality, and feasibility have been verified through FEM 
and prototype experiments. After that, based on this model, the 
improvement measure using different combination of pole arc 
coefficient is studied in Section Ⅲ, and the cogging torque and 
electromagnetic vibration of IPMSM are effectively weakened. 
The electromagnetic characteristics, vibration performance, 
and mechanical strength of this machine are comprehensively 
compared and analyzed in Section Ⅳ, and the effectiveness and 
rationality of this improvement has been well proved. 

II. ANALYSIS AND VERIFICATION OF COGGING TORQUE 

A. Accurate Analytical Model of Cogging Torque 

Cogging torque is an inherent property of the PMSM, which 
is defined as the negative derivative of the magnetic field 
energy W with respect to the relative position angle α of stator 

and rotor when the machine is not energized. So, it can be 
expressed as 

 cog
W

T



 


 (1) 

Fig. 1 illustrates the stator and rotor configuration of a 6-pole 
36-slot 7.5kW V-shaped IPMSM. The analysis model of this 
machine under one specific magnetic pole is shown in Fig. 2. In 
this figure, θ represents the rotor position angle, θ=0° 
represents the centerline of this specific magnetic pole, and the 
angle between the centerline of one stator tooth (A-phase axis) 
and the centerline of this specific magnetic pole is defined as α 
(that is, relative position angle of the stator and rotor). In 
addition, the main structural parameters and configuration 
description of this machine are shown in Table Ⅰ. 
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Fig. 1.  Schematic diagram of stator and rotor in the IPMSM, 1-housing, 
2-stator core, 3-winding, 4-rotor core, 5-PMs, 6-shaft, 7-fan. 
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Fig. 2.  Relative position of stator and rotor in the IPMSM. 

TABLE I 
THE MAIN PARAMETERS DESCRIPTION OF IPMSM 

Item Value (unit) 

Outer diameter of stator core 260 (mm) 
Inner diameter of stator core 180 (mm) 
Outer diameter of rotor core 179 (mm) 
Inner diameter of rotor core 60 (mm) 

Number of stator teeth 36 (/) 
Rated torque 71.63 (N·m) 
Rated power 7.5 (kW) 

Rated frequency 50 (Hz) 
Rated speed 1000 (rpm·min-1) 

Remanence of PM 1.19 (T) 
Coercivity of PM 857 (kA·m-1) 

Number of pole pairs 3 (/) 

Considering that the core magnetic permeability is infinite, 
the magnetic field energy stored in this machine can be 
expressed as 

  
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where Wag represents the air gap magnetic field energy storage, 
μ0 represents the air gap permeability, Bag(θ,α) represents the air  
gap flux density distribution, F(θ) and Ʌ(θ,α) are the equivalent 
permanent MMF and air gap permeance, respectively. 

Therefore, the key to accurately calculate the cogging torque 
lies in the analysis of F(θ) and Ʌ(θ,α). Detailed analysis flow 
chart is shown in Fig. 3. 

First, the machine model without stator cogging structure 
(Fig. 4(a)) is selected to calculate F(θ). Considering that the 
stator inner surface and rotor outer surface are smooth planes, 
the air gap length is a certain value δ0, and the magnetic 
pressure drop of the stator and rotor cores can be ignored, so the 
air gap MMF Fδ(θ) can be approximately equivalent to 
permanent MMF F(θ), namely 

     0
0

0

F B


 


  (3) 

where B0(θ) represents the air gap flux density distribution 
ignoring stator slots. Therefore, the Fourier expansion of F2(θ) 
on half an electrical period [-π/2p, π/2p] can be expressed as 

  2
0 n

n 1

cos 2F F F np 




   (4) 

where p represents the number of pole pairs. F0 and Fn 
represent the Fourier expansion coefficients. 

Furthermore, to consider the influence of the complex 
cogging structure, the machine model with stator slots (Fig. 
4(b)) is selected to calculate Ʌ(θ,α). Considering that the 
magnetic resistance of stator core is much smaller than that of 
air gap, its outer surface can be regarded as an isomagnetic 
potential surface within the entire pitch range, so the 
corresponding MMF Fδt can be obtained by 
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Fig. 3.  Flow chart of the analytical model for IPMSM. 
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Fig. 4.  Equivalent solving model of IPMSM (a: without slots model for 
equivalent MMF, b: with slots model for equivalent air gap permeance). 
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where BδtP represents the flux density corresponding to the 
measurement point P (Fig. 2) at one stator tooth center. 
Therefore, the effective air gap length δ(θ,α) can be obtained by 

   
 (a) (b) 
Fig. 5.  Analytical results (a: Effective air gap length, b: Air gap permeance). 
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where Bδt(θ,α) represents the air gap flux density distribution 
within  one tooth pitch range. Similarly, the Fourier expansion 
of Ʌ2(θ,α) in a range of tooth pitch can be expressed as 

    2
0 j

j 1

, cos jz   




       (7) 

where z represents the number of stator teeth, Ʌ0 and Ʌn 
represent the Fourier expansion coefficients. Based on the 
aforementioned analysis, the calculation results of the effective 
air gap length δ(θ,α) and the corresponding components of the 
air gap permeance Ʌ(θ,α) for this machine are shown in Fig. 5. 

Combining (1), (4) and (7), the cogging torque analytical 
expression of the IPMSM can be expressed as 

  2 20 ef
cog s2 r1 j n

j 1

π
sin

4

zL
T R R j F jz


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where Lef represents the axial length, Rr1 represents the rotor 
outer diameter, Rs2 represents the stator inner diameter, and j 
and n represent positive integers satisfying n=jz/2p. In addition, 
many electromagnetic characteristics, such as air gap flux 
density, no-load back EMF, and electromagnetic force wave, 
can also be quickly and accurately calculated by this model. 

B. Analytical Model Verification and Experiment Testing 

1) Different magnetic pole structure 
Aiming at the commonly used magnetic pole structures of 

the IPMSM for electric vehicles, three magnetic pole structures 
(U-shaped, V-shaped, and one-shaped) are compared and 
analyzed. Three magnetic pole structures are shown in Fig. 6. 
The comparison of cogging torque and flux density calculated 
by the FEM and analytical method are shown in Fig. 7.  

It is not difficult to find that the air gap flux density 
calculated by the two methods have an excellent agreement. In 
addition, the peak-to-peak cogging torque calculated by the two 
methods for U-shaped, V-shaped, and one-shaped machines are 
6.45N·m and 6.13N·m, 7.64N·m and 7.18N·m, 8.59N·m and 
8.07N·m, calculation errors of the three machines are only 
5.00%, 6.02%, and 6.05%. The universality and accuracy of 
this model are well proven. 
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(a) “U”-type 

 

 
 (b) “V”-type (c) “─”-type 
Fig. 6.  Machine topology with different magnetic pole structures.  
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 (a) “U”-type (b) “V”-type (c) “─”-type 

Fig. 7.  Comparison of electromagnetic characteristics for the machine with different magnetic pole structure. 
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Fig. 8.  Comparison of air gap flux density for the machine with different pole-slot combination. 

2) Different pole-slot combination 

Theoretically, the proposed analytical model is also 
applicable to machine with any pole-slot combination including 
IPMSM. Therefore, in order to verify its versatility, six 
V-shaped IPMSM with different pole-slot combinations (4p36s, 
6p36s, 6p9s, 8p9s, 8p12s, 10p12s) are compared and analyzed. 
The detailed analysis results are shown in Fig. 8. The FEM and 
analytical calculation results of the six machines have very 
small errors, and the versatility and effectiveness of this model 
have been well proven. 
3) Prototype experiment testing 

To further verify the accuracy of this proposed analytical 
model, based on the aforementioned analysis and prototype 
data provided in Table Ⅰ, a 6-pole 36-slot IPMSM equipped 
with the original rotor is manufactured for experiment testing. 

MTST-11A type machine test platform is shown in Fig. 9. 
Based on the motional electromotive force theory, the 
measurement experiment of flux density is carried out by 
pre-embedding wire in the stator teeth. 

Hence, the air gap flux density can be calculated from the 
electromotive force Eew, effective length Lew, and speed n0, 
namely 

 ew
test

ew 0

E
B

L n
  (9) 

Fig. 10 shows the comparison of the no-load back EMF 
obtained through the FEM and prototype test. Obviously, the 
results of the two methods are in good agreement. The 1th and 
3th harmonic errors of the two methods are only 0.96% and 
3.31%. The results of simulation analysis and experiment 
testing have been mutually verified.  
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Fig. 9.  Prototype test platform. 
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Fig. 10.  Comparison of the no-load back EMF. 
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Fig. 11.  Comparison of the air gap flux density. 

The no-load air gap flux density distribution and harmonic 
content obtained through FEM, analytical method, and 
prototype test are shown in Fig. 11. It is not difficult to see that 
the harmonic components of air gap flux density obtained by 
the three methods are basically the same, and the experimental 
test results well verify the efficiency, accuracy, and 
practicability of this proposed model. 

The stator cogging effect and the influence of complex 
boundary conditions of IPMSM can be well considered in this 
proposed analytical model to realize the rapid and accurate 
calculation of many electromagnetic characteristics, which 
provides favorable theoretical guidance for its characteristics 
improvement. In addition, this model is suitable for any other 
types of machines including IPMSM, and has high practical 
value and guiding significance. 

III. IMPROVEMENT BASED ON DIFFERENT COMBINATION OF 

POLE ARC COEFFICIENT 

Considering that the electric drive system has higher 
requirements on the mechanical reliability and processing 
technology of its machine, based on the foregoing analysis, the 

electromagnetic improvement measure based on the different 
combination of pole arc coefficient is studied in detail in this 
section. This improvement measure can not only avoid the 
difficulty of manufacturing process caused by the stator skew 
slots, rotor skew poles, etc., but also eliminate the mechanical 
reliability problems caused by the unbalanced magnetic pulling 
force in the unequal pole arc coefficient and segmented skew 
poles. At the same time, it will not increase any cost and has 
important practical value. 

When using different combination of pole arc coefficient, the 
distribution of equivalent permanent MMF Fp(θ) along the 
circumference is shown in Fig. 12. At this time, the Fourier 
expansion of Fp

2(θ) can be expressed as 

  2
p p0 pv

v 1

cosF F F vp 




   (10) 

where Fp0 and Fpv represent the Fourier expansion coefficients. 
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where αpa and αpb respectively represent the pole arc 
coefficients corresponding to two adjacent magnetic poles, Fa 
and Fb respectively represent their respective permanent MMF 
amplitudes. In addition, considering that the magnetic flux of 
each pole is equal, so Faαpa=Fbαpb. 

Combining (1), (7) and (10), the cogging torque analytical 
expression of the IPMSM with different combination of pole 
arc coefficient can be expressed as 

  2 20 ef
cog s2 r1 j v

j 1

π
sin

4

zL
T R R j F jz








    (12) 

where j and v represent positive integers satisfying v=jz/p. 
It can be seen from (11) that through reasonable 

configuration of different pole arc coefficient combinations, the 
jz/pth Fourier coefficient Fpv (Especially lower order) of Fp

2(θ) 
can be effectively reduced, and the cogging torque can be 
effectively weakened. Taking a 6-pole 36-slot machine as an 
example, only the 12k (k is an integer) coefficient of Fp

2(θ) has 
an effect on its cogging torque. On the basis of ensuring that the 
pole arc coefficient αp corresponding to an electrical cycle 
remains unchanged, the pole arc coefficient αpa corresponding 
to one magnetic pole is an independent variable, and the other 
pole arc coefficient αpb can be determined according to (13). 

 
pa pb p

22
pa pa pba

2
pb
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[sin 12 π sin 12 π] 0
12 π 2 2

F
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  

  
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
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 (13) 

For the 6-pole 36-slot IPMSM for electric vehicles studied in 
this article, the pole arc coefficient αp of one electrical cycle is 
0.75. Based on this premise, three weakening tracks of the 12th, 
24th, 36th Fourier coefficient are shown in Fig. 13. It can be seen 
that different combinations have different weakening 
conditions for Fp12, Fp24, and Fp36. In order to achieve the best 
weakening effect, choose the combination of weakening lower 
order or weakening multiple lower orders at the same time as 
the optimal polar arc coefficient combination. For this machine, 
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the optimal combination of pole arc coefficients (αpa: 0.667, αpb: 
0.833) can effectively weaken its cogging torque. A further 
comparative analysis of this pole arc combination will be made 
in the follow-up. 

αpaπ/p

αpbπ/p

Fa

-Fb

2π/p

θ
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Fig. 12.  Distribution of Fp(θ) for the improved machine. 
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Fig. 13.  Combination of the pole-arc coefficient. 

IV. MACHINE COMPREHENSIVE PERFORMANCE EVALUATION 

In order to study the impact of this improvement measure in 
the previous section on machine performance, the original 
machine (Motor 1), machine with rotor segmented skew poles 
(Motor 2), and machine with different combination of pole arc 
coefficient (Motor 3) are evaluated, including electromagnetic 
characteristics, vibration response, and mechanical strength 
performance. To ensure the comparison fairness, except for the 
difference in pole arc coefficient configuration and rotor 
assembly form, other machine configurations including amount 
of PMs are kept the same. It is worth noting that previous 
research work has shown that the 4-segment structure is a more 
reasonable choice for the machine with rotor segmented skew 
poles [23]. Therefore, 4-segment structure is adopted in the 
machine with rotor segmented skew poles in this study. 

A. Comparison of Electromagnetic Characteristics 

Fig. 14 and Table Ⅱ show the cogging torque comparison of 
the three machines obtained by 3D FEM. It can be seen that the 
machine with different combination of pole arc coefficient has 
more excellent performance. Compared with Motor 1 and 
Motor 2, its peak cogging torque is reduced by 93.8% and 
14.4%, respectively. It is worth noting that for integer slot 
PMSM, its tooth harmonic content of no-load back EMF is also 
one of the main sources of torque ripple, so it is particularly 
important to improve its back EMF waveform during the 
machine design stage. The no-load back EMF comparison of 
the three machines is shown in Fig. 15 and Table Ⅱ. Compared 
with Motor 1 and Motor 2, the no-load back-EMF fundamental 
wave of Motor 3 has not only been significantly improved, but 
the third and above harmonics have also been effectively 
weakened and suppressed. Moreover, the total harmonic 
distortion (THD) of no-load back-EMF in Motor 3 calculated 
by (14) is improved by 52.6% and 24.0%, respectively, 

compared with the other two machines. 

 2
n 1

n 2

( ) /THD E E




   (14) 

where E1 and En represent the effective value of the 
fundamental wave and the nth harmonic of no-load back EMF. 

Table Ⅱ also shows the electromagnetic characteristics of the 
three machines under rated load. Detailed torque curves are 
shown in Fig. 16. It can be seen that the machine with different 
combination of pole arc coefficient still have excellent load 
electromagnetic performance. Compared with the other two 
machines, not only the average torque in Motor 3 has been 
improved, but its torque ripple has also been reduced by 81.3% 
and 6.2%, respectively. This shows that the excellent no-load 
characteristics in Motor 3 have further affected its load 
characteristics, especially the large reduction in torque ripple. 
For the IPMSM used in electric vehicles, low torque ripple can 
not only meet the high-performance requirements of electric 
drive systems, but also help improve its electromagnetic 
vibration characteristics. Therefore, Motor 3 has higher 
engineering practical value than the other two machines. 

Furthermore, the unbalanced magnetic pulling force of the 
three machines is analyzed by FEM, and the analysis results are 
shown in Table Ⅱ. It can be seen that machine with rotor 
segmented skew poles has a large axial unbalanced magnetic 
pulling force, which has a serious impact on the life and overall 
performance of the machine. 
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Fig. 14.  Comparison of the cogging torque. 
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Fig. 15.  Comparison of the no-load back EMF. 
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Fig. 16.  Comparison of the on-load torque. 
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TABLE Ⅱ 
THE KEY DATA OF MAIN ELECTROMAGNETIC CHARACTERISTICS 

Item Symbol (unit) Motor 1 Motor 2 Motor 3 

Cogging torque Pk-Pk (N·m) 7.659 0.473 0.414 

No-load back 
EMF 

1th (V) 149.4 147.8 155.6 
3th (V) 29.3 26.5 16.1 
11th (V) 25.3 2.3 1.4 
13th (V) 7.8 0.8 0.5 

On-load torque 

Tavg (N·m) 71.71 71.72 71.97 
Trip (%) 52.8 10.5 9.9 

Tmax (N·m) 90.71 75.94 75.54 
Tmin (N·m) 52.86 68.40 68.44 

Unbalanced 
magnetic force 

Fr (N) 0.00 0.00 0.00 
Fz (N) 0.00 7.56 0.00 

“\”-type “Z”-type “V”-type  
Fig. 17.  Different rotor segmented skew poles structures. 
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Fig. 18.  Vibration response multi-physics analysis process. 
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Fig. 19.  Comparison of the electromagnetic force wave. 

In addition, the unbalanced magnetic pulling force of 
different rotor segmented skew poles structures (as shown in 
Fig. 17) cannot be effectively eliminated either. At the same 
time, this structure has extremely high requirements for 
processing technology and mechanical strength, especially 
when used in high-performance applications such as electric 
vehicles. Therefore, the advantages and value of Motor 3 in 
electric vehicles are more obvious. 

B. Comparison of Vibration Response 

Fig. 18 shows the multi-physics analysis process of the 
machine vibration response. Firstly, the radial electromagnetic 
force wave calculated by FEM is shown in Fig. 19. The results 
show that, compared with Motor 1, Motor 3 can weaken some 

specific order electromagnetic force waves, especially the 6th, 
12th, and 18th force waves, and its weakening effect is as high as 
57.8%, 5.2%, 20.9%. Although it cannot completely weaken or 
eliminate all order force waves, the effective weakening of 
low-order force waves still proves the effectiveness of Motor 3 
in improving electromagnetic vibration characteristics. 

Secondly, to avoid the influence of machine resonance on the 
operation stability of electric drive system, a 3D stator model is 
established, and its modal shape and natural frequency are 
analyzed and calculated by FEM. Detailed results are shown in 
Fig. 20. It will be used in the harmonic response analysis field 
together with electromagnetic force waves to realize the 
calculation of machine vibration response. 

   
 (a) 2r 931.1Hz (b) 3r 2509.3Hz 

   
 (c) 4r 4491.6Hz (d) 0r 5636.2Hz 

   
 (e) 5r 6688.9Hz (f) 6r 8858.1Hz 

Fig. 20.  Modal shape and natural frequency of the stator core. 
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Fig. 21.  Comparison of the vibration acceleration response. 

Finally, the vibration response is calculated by the mode 
shape superposition method, as shown in Fig. 21. It can be seen 
that, compared with original machine, the vibration response of 
Motor 3 is better. Its vibration acceleration amplitude at key 
frequency points has been significantly improved. This result 
once again proves that Motor 3 has a better vibration level. 
Compared with Motor 1, it has better NVH performance 
without increasing the cost and processing difficulty. 

C. Comparison of Mechanical Strength 

The rotor configuration of the machine with different 
combination of pole arc coefficient has changed the mechanical 
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structure in original machine to a certain extent. Small changes 
often affect the stress concentration performance, especially the 
rotor ribs and magnetic isolation bridge area. In addition, 
IPMSM for electric vehicles need to face various complex 
working conditions, so it is essential to analyze its mechanical 
strength. Fig. 22 shows the multi-physics analysis process of 
the mechanical strength. The temperature distribution 
calculated through the coupling of electromagnetic and 
temperature field also acts on the rotor as a load (thermal stress), 
thereby obtaining a more accurate mechanical strength 
performance. Four mechanical strength characteristics of 
Motor 1 and Motor 3, including rotor equivalent stress, strain, 
radial stress, and tangential stress, are analyzed. Detailed 
results are shown in Fig. 23. 

Elec-analysis

Machine

Tem-analysis

Loss distribution

Mechanical 
analysis

Thermal loadSpeed load

 
Fig. 22.  Mechanical strength multi-physics analysis process. 
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Fig. 23.  Comparison of the mechanical strength analysis. 

It can be seen that the maximum equivalent stresses of Motor 
1 and Motor 3 appear on the magnetic isolation bridge, 
respectively, 209.8MPa and 230.7MPa, which are far less than 
the material yield limit (405MPa), and the maximum 
deformation is 0.058mm and 0.046mm respectively. The 
results show that the rotor structures of the machine with 
different combination of pole arc coefficient still meet the 
mechanical requirements. 

V. CONCLUSION 

In this article, a universal magnetic field analytical model for 
the IPMSM is first proposed, which can realize the rapid 
prediction of key electromagnetic characteristics such as 
cogging torque, air gap flux density, and exciting force wave. 
After that, based on this model, the improvement measure of 
different combination of pole arc coefficient on cogging torque 
and electromagnetic vibration are studied. Finally, a 
comprehensive comparative analysis of the electromagnetic 
characteristics, vibration response, and mechanical strength 
performance is carried out. The following conclusions can be 
drawn: 

1) The proposed model can quickly and accurately calculate 
the equivalent permanent MMF and air gap permeance 
(effective air gap length), and then realize the solution of other 
key electromagnetic characteristics. Its universality, accuracy, 
and practicability have been proven through three magnetic 
pole structures (U-shaped, V-shaped, One-shaped), six 
pole-slot combinations (4p36s, 6p36s, 6p9s, 8p9s, 8p12s, 
10p12s), and prototype experiments. 

2) Based on the above model, the cogging torque calculation 
formula of the machine different combination of pole arc 
coefficient is derived, and then the optimal pole arc coefficient 
combination is calculated to improve its electromagnetic 
characteristics. 

3) Compared with Motor 1 and Motor 2, Motor 3 can 
significantly weaken the THD of no-load back EMF, cogging 
torque, and torque ripple, and has very excellent 
electromagnetic characteristics. At the same time, compared 
with Motor 2, there is no need to consider issues such as 
processing technology, cost, and vicious unbalanced magnetic 
pulling force. 

4) Some specific orders of electromagnetic force waves can 
be effectively weakened in Motor 3, especially the 6th, 12th, and 
18th force waves, and its weakening effect is as high as 57.8%, 
5.2%, 20.9%. It has a very superior vibration response, and the 
vibration acceleration amplitude at some key frequency points 
has a significant drop. Compared with original machine, the 
maximum value of vibration acceleration amplitude decreased 
from 604.6mm/s2 to 295.1mm/s2, a decrease of 51.2%. 
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