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Abstract

:

The permanent magnet vernier synchronous machine (PMVSM) has the characteristics of high torque density and high power density and has advantages in the field of low-speed and high-torque applications. The PMVSM utilizes rich harmonics for torque enhancement, but it can also cause an increase in radial electromagnetic force and vibration noise. In this paper, we take a 12-slot 10-pole PMVSM as an example to analyze the source of radial electromagnetic force, vibration and noise. The electromagnetic finite-element model and structural finite-element model of the PMVSM are established for calculation. Through the analysis and calculation of two-dimensional electromagnetic fields, the radial electromagnetic force distribution of the PMVSM is obtained. We derive the radial electromagnetic force formula of the PMVSM and verify the correctness of the formula through harmonic analysis of the radial electromagnetic force. The sources of radial electromagnetic forces at various orders and frequencies within the PMVSM are analyzed and summarized by coupling the radial electromagnetic force obtained from the electromagnetic finite-element model to the structural finite-element model and conducting electromagnetic vibration harmonic response analysis on the PMVSM. The measured acceleration spectrum of the prototype is compared with the finite-element method (FEM) results, verifying the correctness of the finite-element simulation results for electromagnetic vibration.
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1. Introduction


With the widespread research and application of rare earth materials, the permanent magnet synchronous motor (PMSM) plays an important role in industrial production and transportation. For a PMSM, electromechanical energy conversion and stable output torque can only be carried out when the number of pole pairs of the stator and rotor magnetic fields is equal. This feature makes the permanent magnet vernier synchronous machine (PMVSM) easy to design and analyze, and machine design and optimization can be achieved through magnetic path and field operations. However, for low-speed and high-torque direct drive applications, the number of stator slots in a PMSM becomes very large, resulting in a larger machine volume and a decrease in power density and torque density. A PMVSM based on the principle of magnetic field modulation can achieve low-speed and high-torque output with fewer stator slots [1,2,3]. Due to the unequal number of pole pairs in the stator and rotor magnetic fields of the PMVSM, magnetic field modulation is carried out by adjusting the number of magnetic modulation teeth, which makes the structure of the PMVSM flexible and diverse [4]. Due to the unequal number of pole pairs between the stator and rotor magnetic field of a PMVSM, it differs from a PMSM in terms of electromagnetic characteristics.



In practical applications, there are strict restrictions on the vibration and noise of PMSMs. Excessive noise can cause health damage to users. The study of PMSM vibration and noise is currently a research hotspot. Radial electromagnetic force can cause periodic deformation and vibration of the stator core, and the radial electromagnetic force wave that varies with time and space is the main cause of machine noise [5]. Rotor step skewing can effectively reduce the vibration noise of the PMSM. By establishing an analytical formula for radial electromagnetic force waves, the impact of the number of skewing segments on vibration noise can be analyzed [6]. The stator current has harmonic components, which can affect the vibration and noise of the PMSM. By studying the amplitude variation in the lowest-order spatial radial electromagnetic force wave caused by current harmonics and the direct axis current component of the stator input current, the relationship between noise and the vibration peak can be analyzed and the radial electromagnetic force of the machine can be reduced [7,8]. In addition, the current harmonics of the inverter can also have an impact on electromagnetic noise [9]. The variable speed transmission of the machine can also cause the stator core vibration of the permanent magnet synchronous machine. By analyzing the model and electromechanical pulse response, the relationship between stator current and stator acceleration is established [10]. The shape of the stator teeth can influence the distribution of the radial electromagnetic force higher-order harmonics, causing the machine to enter low-mode vibration, thereby optimizing the vibration reduction in the PMSM [11]. For machines with built-in permanent magnets, the geometric shape of the magnetic isolation bridge affects the distribution of the magnetic field and has an impact on the spatial–temporal distribution of radial electromagnetic force. Optimizing the design of the magnetic isolation bridge for the built-in permanent magnet machine can reduce low-order radial electromagnetic forces and vibration noise. [12,13]. A mathematical model for analyzing the radial electromagnetic force density of surface-mounted permanent magnet machines can be established to obtain the amplitude frequency and order and further determine the resonance situation, revealing the influence of PMSM parameters on vibration noise [14,15]. Structurally, the vibration noise of a machine is related to the shape of the permanent magnet poles. The pole arc coefficient of permanent magnets affects the amplitude of radial electromagnetic force. By establishing a permanent magnet shape function and adjusting the structure of the permanent magnet, reductions in the vibration and noise of the machine can be achieved. This method is suitable for surface-mounted and built-in permanent magnet machines [16]. The length of the air gap of a PMSM has a significant impact on its performance. When the length of the air gap of the PMSM undergoes deformation, both the radial electromagnetic force and vibration noise of the machine change, and the low-frequency radial electromagnetic force content increases, resulting in an increase in vibration noise [17]. The harmonic content of stator current affects the distribution of non-sinusoidal magnetic field flux, and controlling stator current can reduce PMSM vibration noise [18]. By using analytical methods to obtain the air gap flux density and radial electromagnetic force density of the PMSM and then using the method of continuously segmented variable pole width, the radial electromagnetic force and bending moment of the PMSM can be reduced [19]. Taking into account the anisotropy of stator materials during machine modal analysis can improve the accuracy of finite-element calculations. Through analysis of current harmonic types, it is found that (6k ± 1) times the fundamental frequency can affect the vibration and noise peaks [20]. In addition, for an external rotor PMSM, adjusting the slot width can play a role in vibration reduction and noise reduction, as verified through finite-element method calculation [21]. At present, PMSM vibration noise is believed to be related to the stator structure and input current. Adjusting the stator structure and current of the PMSM can reduce vibration noise. Using control methods to reduce the harmonic content of low-order radial electromagnetic force can also achieve reductions in the vibration and noise of a PMSM.



Due to the magnetic tooth structure of the PMVSM, the uneven degree of the air gap is exacerbated by the concave convex geometric structure, and the harmonic content in the air gap flux density becomes more abundant. The interaction of harmonic magnetic fields in the air gap generates radial electromagnetic forces of different orders and frequencies. This paper focuses on the influence of the magnetic field modulation principle of the PMVSM on the radial electromagnetic force and vibration noise. By deriving the radial electromagnetic force formula of a PMVSM considering stator slotting and rotor saliency effects, the harmonic decomposition of the radial electromagnetic force is obtained to determine the source of its harmonic magnetic field, and the influence of stator magnetic teeth on the radial electromagnetic force is studied. The low-order low-frequency radial electromagnetic force has a significant impact on the vibration of the machine, while the high-frequency magnetic field has a significant impact on the machine noise. The FEM is used to simulate the modal and vibration noise of the PMVSM, obtain the vibration mode and natural frequency of the machine and compare it with the radial electromagnetic force to determine the resonance situation of the machine. Finally, the accuracy of the finite-element calculation is confirmed through prototype experiments.



In Section 2 of the paper, we establish a two-dimensional finite-element model of a PMVSM. In Section 3, we derive the radial electromagnetic force formula of the PMVSM and determine the spatiotemporal distribution of the radial electromagnetic force of the machine. In Section 4, we analyze the radial electromagnetic force of the PMVSM. The correctness of the radial electromagnetic force formula in Section 3 is verified through harmonic decomposition; using modal analysis and the FEM to evaluate vibration and noise, the vibration modes of the machine at different frequencies and the noise at rated speed are obtained. And in Section 5, the vibration and noise of the machine are determined through experiments to verify the correctness of the FEM analysis.




2. The Structure of the PMVSM


The pole pairs of the magnetic field of the stator and rotor of a PMVSM are not equal. By matching the pole pairs of the magnetic field with a reasonable number of modulation teeth, a stable rotating air gap magnetic field is generated. The PMVSM in this paper has an external rotor structure; the stator is fixed by a fixed shaft, and the rotor of the machine rotates stably through the casing bearing and the stator fixed shaft bearing. In this paper, a 12-slot 10-pole PMVSM is built, and the number of pole pairs in the rotor magnetic field is 19. The permanent magnet is built into the external rotor. The PMVSM structure is shown in Figure 1.



The simulation model and prototype machine are made based on the PMVSM design parameters. The speed of the machine at a fundamental frequency of 95 Hz is 300 rpm and the rated power is 750 W. The structural parameters of the PMVSM are shown in Table 1.




3. The Calculation of Radial Electromagnetic Force


There is a significant difference in structure between a PMVSM and a traditional PMSM, as the number of pole pairs of the stator and rotor of the PMVSM is not equal. The stator and rotor magnetic field in the PMVSM are set by adjusting the magnetic modulation teeth so that the air gap can produce a stable rotating magnetic field and output torque. The number of pole pairs in the stator and rotor of a PMVSM meets the principle of magnetic field modulation, and the specific quantity relationship is


   P t  =  P r  +  P s   



(1)




where the    P t    is the number of the modulation teeth,    P r    is the number of the rotor pole pairs, and    P s    is the number of stator winding pole pairs.



The magnetomotive force of the PMVSM rotor can be calculated as follows:


   F μ  =   4  B  P M    h  P M      μ 0  μ π    sin (    μ  α p  π  2  )  



(2)




where the    B  P M     is the remanence of the permanent magnet,    h  P M     is the thickness of the permanent magnet,    μ 0    is the relative permeability of air,    α p    is the pole arc coefficient of the permanent magnet, and  μ  is the harmonic coefficient of rotor magnetomotive force.



For a fractional slot concentrated winding PMVSM, the magnetomotive force of the stator winding can be calculated as follows:


       F ν  =  1 ν    2  2  N  k  ω ν     π  P r     I ϕ       k  ω ν   =  sin (  ν   2 π    P t    )      



(3)




where the  N  is the number of series turns per phase of stator winding,    k  ω ν     is the winding factor of the   ν th   harmonic coefficient of stator magnetomotive force, and    I ϕ    is the effective value of the current.  υ  is the harmonic coefficient of the stator magnetomotive force.



Considering the slotted stator, the air gap permeance is


  Λ ( θ  ) =   Λ 0  +   ∑  k =  1 , 2 , 3 ,  …     Λ k   cos (  k  P t  θ )    



(4)




where    Λ 0    is the DC component of air gap permeance,    Λ k    is the   k th   harmonic air gap permeance amplitude.  θ  is the angle between the centerline of the rotor permanent magnet and the centerline of the stator teeth, which is the relative position angle of the stator and rotor.



Considering the rotor saliency effect caused by the built-in permanent magnet, the air gap relative permeability is


  λ ( θ  ) =   λ 0  +   ∑  m =  1 , 2 , 3 ,  …     λ m   cos ( 2  m ω − 2 m  P r  θ )    



(5)




where the    λ 0    is the DC component of air gap relative permeability,    λ m    is the amplitude of the   m th   harmonic relative permeability generated by the rotor salient pole, and  ω  is the mechanical angular frequency of the PMVSM.



Generally speaking, the larger the air gap flux density, the higher the torque and efficiency of the machine. However, excessive air gap flux density can increase the vibration noise of the machine. The PMVSM radial component of air gap flux density can be calculated as follows:


     B r  ( θ , t  ) = [    ∑  μ =  1 , 3 , 5 ,  …     F μ   cos (  μ ω t − μ  P r  θ )   +   ∑  ν =  1 , − 5 , 7 ,  …     F ν   cos (  ω t − ν  P r  θ + ϕ )   ]     ⋅ [  Λ 0  +   ∑  k =  1 , 2 , 3 ,  …     Λ k   cos (  k  P t  θ )    ] [   λ 0  +   ∑  m =  1 , 2 , 3 ,  …     λ m   cos ( 2  m ω − 2 m  P r  θ )   ]    



(6)







According to the Maxwell tensor method, the radial electromagnetic force density of the machine is


     f r  ( θ , t )   =  1  2  μ 0    (  B r 2  ( θ , t ) −  B t 2  ( θ , t  ) )  ≈  1  2  μ 0     B r 2  ( θ , t )       =   1  2  μ 0     { [    ∑  μ =  1 , 3 , 5 ,  …     F μ   cos (  μ ω t − μ  P r  θ )   +   ∑  ν =  1 , − 5 , 7 ,  …     F ν   cos (  ω t − ν  P r  θ + ϕ )   ]       ⋅ [  Λ 0  +   ∑  k =  1 , 2 , 3 ,  …     Λ k  cos ( k  P t  θ )    ] [   λ 0  +   ∑  m =  1 , 2 , 3 ,  …     λ m   cos ( 2  m ω − 2 m  P r  θ )     ] }  2     



(7)








4. The Vibration and Noise of the PMVSM


The vibration of a PMVSM is influenced by two factors: one is the inherent parameters of the machine itself, and the other is the excitation force. The excitation force of the machine is also affected by two aspects: on the one hand, it is mechanical, such as machine balance issues, torque ripple of load type prime movers, machining accuracy, etc.; on the other hand, it is electromagnetic, mainly radial electromagnetic force. When the frequency of the radial electromagnetic force is consistent with the natural frequency of the machine, the machine will resonate and the noise will increase. To avoid resonance, it is necessary to make the frequency of radial electromagnetic force different from the natural frequency of the machine.



4.1. The Radial Electromagnetic Force of the PMVSM


The deformation of the machine stator is affected by the radial electromagnetic force, which is the main reason electromagnetic vibration noise is generated by the machine. Studying the radial electromagnetic force of a machine is the foundation for studying the vibration and noise of the machine.



The magnitude of electromagnetic vibration caused by the radial electromagnetic force on the stator is directly proportional to the amplitude of the radial electromagnetic force and inversely proportional to the fourth power of the electromagnetic force order. Therefore, the higher the spatial order, the less likely it is to cause vibration.



A 2D simulation model of the PMVSM is established to obtain the radial electromagnetic force via FEM analysis. The spatiotemporal distribution of radial electromagnetic force is shown in Figure 2.



The spatial–temporal distribution of the radial electromagnetic force is obtained through harmonic decomposition. In the Figure 3 (A, Bf), A represents the spatial order and B represents the temporal order. The harmonic content of the radial electromagnetic force is shown in Figure 3.



The harmonic content of radial electromagnetic force in Figure 3 is higher than that of traditional PMSMs. It can be seen that the magnetic field modulation effect introduces more harmonics into the PMVSM, resulting in a rich and complex harmonic content of radial electromagnetic force. The smaller the spatial and temporal orders, the greater the impact on machine vibration. Therefore, the radial electromagnetic force harmonics of the PMVSM, (−2, 2f), (10, 2f), (−4, 4f), (8, 4f), (6, 6f), (8, 8f) and (−12, 12f), are the main harmonics causing machine vibration. The source of the radial electromagnetic force density harmonic content can be obtained with Equations (A1)–(A3) in Appendix A. Through the analysis of the sources of radial electromagnetic force in Table A1 in Appendix A, it can be seen that the tooth effect of the stator magnetic teeth of a PMVSM is more pronounced than that of PMSM. A large amount of radial electromagnetic force is generated by the tooth harmonic magnetic field, increasing the possibility of machine vibration.




4.2. The Modal Analysis and Vibration and Noise of the PMVSM


When the frequency of radial electromagnetic force harmonics is close to the natural frequency of the machine stator, resonance will occur in the stator, which will cause a more serious vibration response. Therefore, modal analysis is a key step in studying the electromagnetic vibration noise of the machine. Through modal analysis, the modal shapes and natural frequencies of each order of the machine stator structure can be clearly understood, and the possibility of resonance in the machine can be analyzed. In this paper, we use the modal calculation method under the free state of the stator to solve this. In Table 2, the M in the order column (M, N) represents the radial vibration mode, and N represents the axial vibration mode. Before the modal analysis, the PMVSM stator winding is equivalent to a mass point added to the stator core. The stator core and casing are analyzed together; the stator modal shapes and natural frequencies of the PMVSM are shown in Table 2.



The frequencies of the radial electromagnetic force harmonics are mainly 2f = 190 Hz, 4f = 380 Hz, 6f = 570 Hz, 8f = 760 Hz and 12f = 1140 Hz, which are not consistent with the natural frequencies of the PMVSM, so the PMVSM does not resonate.



Figure 4 shows the vibration displacement, vibration velocity and vibration acceleration wave form of the PMVSM, which are mainly concentrated at 4f = 380 Hz, 8f = 760 Hz and 12f = 1140 Hz. Due to the low order and large amplitude of the radial electromagnetic force harmonic components of 4f = 380 Hz, 8f = 760 Hz and 12f = 1140 Hz, the harmonic content of the vibration displacement, vibration velocity and vibration acceleration at the corresponding frequency increases. The maximum noise of the PMVSM at rated speed is 73.797 dB, and the maximum noise point occurs in the high-frequency region.





5. PMVSM Modal and Noise Experiment


We designed a prototype based on the structural parameters of the PMVSM. The machine structure is an external rotor structure, and the output shaft is connected with the experimental platform through a coupling. The main components of the PMVSM are shown in Figure 5.



The prototype PMVSM is dragged with a six-pole rated power of 3 kW prime mover, and the no-load back-EMF of the prototype PMVSM at a rated speed of 300 rpm is obtained. The no-load back-EMF of PMVSM has good sinusoidal characteristics. Through comparison, it is found that the simulation results are consistent with the experimental results, proving that the actual performance of the machine is consistent with the design performance. The no-load experiment of the PMVSM is shown in Figure 6.



We used the hammer method to conduct modal experiments on the prototype PMVSM. The force hammer strikes the PMVSM to vibrate, inputting an excitation signal at each specific position. The response signal is collected by the machine, allowing the sensor to obtain the machine modal vibration mode and natural frequencies. The PMVSM casing is divided into 36 areas (vibration point) in both the axial and radial directions, and a hammer is used to evenly strike each area three times to obtain the natural frequency and modal shape of the machine. The vibration points need to be evenly distributed on the surface of the casing, and there should be as many as possible to ensure the accuracy of the measurement. Figure 7b shows the internal software of the measurement system. The model only displays the distribution of the vibration points on the surface of the casing and does not represent the specific structure of the measured object. The modal test platform is shown in Figure 7.



The stable frequency response curve of the PMVSM is obtained after conducting multiple sets of tapping tests on the machine’s tapping points. The stable frequency response curve is shown in Figure 8.



Through the PMVSM modal experiments, the modes of the machines, (2, 0), (2, 1), (3, 0), (3, 1), (4, 0) and (4, 1), are obtained, and the corresponding frequencies obtained are shown in Figure 8. Through comparison with Table 2, it is found that the modal experimental results are basically consistent with the simulation results. The machine modal experiment verifies the correctness of finite-element calculation. The experimental results for the modal shapes and natural frequencies are shown in Table 3. The modes of the modal shapes and natural frequencies, as shown in the left row, are (2, 0), (3, 0) and (4, 0) respectively.



The PMVSM is connected to the controller, the frequency is set to 95 Hz, and the PMVSM speed is set to 300 rpm. The vibration acceleration of the PMVSM is obtained through sensors on the surface of the casing, and the noise of the PMVSM at the rated speed of 300 rpm is obtained through sound sensors. The noise test platform is shown in Figure 9.



The noise of the motor at the rated speed of 300 rpm obtained through experiments is 76 dB. The error between noise experimental data and simulation is 2.2 dB, with an error rate of 2.9%. The machine noise is shown in Figure 10.




6. Conclusions


In this paper, we study the radial electromagnetic force and vibration noise of a PMVSM and derive a formula for the radial electromagnetic force considering the effects of stator slotting and rotor saliency. The spatiotemporal distribution characteristics of the radial electromagnetic force are obtained through the FEM, and the source of the radial electromagnetic force is analyzed. The stator magnetic modulation teeth of the PMVSM have a significant effect on magnetic field modulation, and the main source of radial electromagnetic force in the machine includes the tooth harmonic magnetic field, which increases the possibility of machine vibration. Then, finite-element simulation is conducted on the modal and vibration noise of the PMVSM to obtain the vibration mode and natural frequency. Due to the low-order and high-amplitude harmonic components of radial electromagnetic force being consistent with the frequency distribution of machine vibration characteristics, the harmonic content of corresponding vibration displacement, vibration velocity and vibration acceleration increases at 4f, 8f and 12f. The vibration modes (2, 0) and (2, 1) do not coincide with the radial electromagnetic force frequency of the machine in frequency, so the machine does not resonate. Finally, the vibration mode, frequency and noise measured in the experiment are consistent with the finite-element results, verifying the accuracy of the finite-element calculation.
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Appendix A


By expanding Equation (7), we can obtain the various components of radial electromagnetic force. Negative harmonic order in the radial electromagnetic force space indicates that the direction of radial electromagnetic force is opposite to the direction of machine rotation.


       ∑   ∑     F  μ 1    F  μ 2    Λ 0 2   λ 0 2    4  μ 0         cos [ (   μ 1  ±  μ 2  ) ω t − (  μ 1  ±  μ 2  )  P r  θ ]      ∑   ∑   ∑     F  μ 1    F  μ 2    Λ 0   Λ k   λ 0 2    4  μ 0         cos { (   μ 1  ±  μ 2  ) ω t −  [ (   μ 1  ±  μ 2  )  P r  ± k  P t  ] θ }        ∑   ∑   ∑     F  μ 1    F  μ 2    λ 0   λ m   Λ 0 2    4  μ 0         cos { [ (   μ 1  ±  μ 2  ) ± 2 m ] ω t       −  [ (   μ 1  ±  μ 2  ) ± 2 m ]  P r  θ }      ∑   ∑   ∑   ∑     F  μ 1    F  μ 2    Λ  k 1    Λ  k 2    λ 0 2    16  μ 0             cos { (   μ 1  ±  μ 2  ) ω t     −  [ (   μ 1  ±  μ 2  )  P r  ± (  k 1  ±  k 2  )  P t  ] θ }      ∑   ∑   ∑   ∑     F  μ 1    F  μ 2    Λ 0   Λ k   λ 0   λ m    8  μ 0             cos { [ (   μ 1  ±  μ 2  ) ± 2 m ] ω t     −  [ (   μ 1  ±  μ 2  )  P r  ± 2 m  P r  ± k  P t  ] θ }      ∑   ∑   ∑   ∑     F  μ 1    F  μ 2    λ  m 1    λ  m 2    Λ 0 2    16  μ 0             cos { [ (   μ 1  ±  μ 2  ) ±  2 (   m 1  ±  m 2   ) ]  ω t     −  [ (   μ 1  ±  μ 2  ) ±  2 (   m 1  ±  m 2   ) ]   P r  θ }      



(A1)






       ∑   ∑     F  ν 1    F  ν 2    Λ 0 2   λ 0 2    4  μ 0         cos [ 2  ω t − (  ν 1  +  ν 2  )  P r  θ + 2 ϕ ]      ∑   ∑   ∑     F  ν 1    F  ν 2    Λ 0   Λ k   λ 0 2    4  μ 0           cos { 2  ω t −  [ (   ν 1  ±  ν 2  )  P r  ± k  P t  ] θ + 2 ϕ }      ∑   ∑   ∑     F  ν 1    F  ν 2    λ 0   λ m   Λ 0 2    4  μ 0           cos { [ ( 1  ±  1 )  ± 2 m ] ω t −  [ (   ν 1  ±  ν 2   ) + 2  m ]  P r  θ + 2 ϕ }      ∑   ∑   ∑   ∑     F  ν 1    F  ν 2    Λ  k 1    Λ  k 2    λ 0 2    16  μ 0             cos { 2  ω t −  [ (   ν 1  ±  ν 2  )  P r  ± (  k 1  ±  k 2  )  P t  ] θ + 2 ϕ }      ∑   ∑   ∑   ∑     F  ν 1    F  ν 2    Λ 0   Λ k   λ 0   λ m    8  μ 0             cos { [ ( 1  ±  1 )  ± 2 m ] ω t     −  [ (   ν 1  ±  ν 2  )  P r   + 2  m  P r  ± k  P t  ] θ }      ∑   ∑   ∑   ∑     F  ν 1    F  ν 2    λ  m 1    λ  m 2    Λ 0 2    16  μ 0             cos { [ ( 1  ±  1 )  ±  2 (   m 1  ±  m 2   ) ]  ω t     −  [ (   ν 1  ±  ν 2  ) ±  2 (   m 1  ±  m 2   ) ]   P r  θ + 2 ϕ }      



(A2)






      ∑   ∑     F μ   F ν   Λ 0 2   λ 0 2    4  μ 0         cos [ (  μ ±  1 )  ω t − ( μ ± ν )  P r  θ + ϕ ]      ∑   ∑   ∑     F μ   F ν   Λ 0   Λ k   λ 0 2    4  μ 0           cos { (  μ ±  1 )  ω t −  [ (  μ ± ν )  P r  ± k  P t  ] θ ± ϕ }      ∑   ∑   ∑     F μ   F ν   λ 0   λ m   Λ 0 2    4  μ 0           cos { [ (  μ ±  1 )  ± 2 m ] ω t −  [ (  μ ± ν ) ± 2 m ]  P r  θ ± ϕ }      ∑   ∑   ∑   ∑     F μ   F ν   Λ  k 1    Λ  k 2    λ 0 2    8  μ 0             cos { (  μ ±  1 )  ω t −  [ (  μ ± ν )  P r  ± (  k 1  ±  k 2  )  P t  ] θ ± ϕ }      ∑   ∑   ∑   ∑     F μ   F ν   Λ 0   Λ k   λ 0   λ m    8  μ 0             cos { [ (  μ ±  1 )  ± 2 m ] ω t     −  [ (  μ ± ν )  P r  ± 2 m  P r  ± k  P t  ] θ ± ϕ }      ∑   ∑   ∑   ∑     F μ   F ν   Λ    0   2   λ  m 1    λ  m 2     8  μ 0             cos { [ (  μ ±  1 )  ±  2 (   m 1  ±  m 2   ) ]  ω t     −  [ (  μ ± ν ) ±  2 (   m 1  ±  m 2   ) ]   P r  θ + ϕ }     



(A3)







Equations (A1)–(A3) show the radial electromagnetic force generated by the rotor permanent magnet magnetic field, stator winding magnetic field and interaction between rotor permanent magnet magnetic field and stator winding magnetic field, respectively. The time invariant radial electromagnetic force generates static deformation and does not cause machine vibration, so the time invariant part is ignored in the calculation of the radial electromagnetic force expansion. Neglecting the radial electromagnetic force of the time-invariance part, the sources of radial electromagnetic force in machines can be divided into three categories: radial electromagnetic force generated by the rotor permanent magnet magnetic field, radial electromagnetic force generated by the stator winding magnetic field, and radial electromagnetic force generated by the interaction between the rotor permanent magnet magnetic field and stator winding magnetic field.



The radial electromagnetic force component generated by the fundamental magnetic field of the stator and rotor is the main component of the radial electromagnetic force, and the radial electromagnetic force generated by tooth harmonics has the most significant impact on machine vibration. Thus, the main sources of harmonic content in radial electromagnetic force analyzed in this paper are the fundamental magnetic field of the stator and rotor and the tooth harmonic magnetic field. The main source of the radial electromagnetic force density harmonic content is shown in Table A1.





 





Table A1. The main source of the radial electromagnetic force density.






Table A1. The main source of the radial electromagnetic force density.





	Spatiotemporal Distribution
	The Main Source of Radial Electromagnetic Force Density





	(−2, 2f)
	Mainly generated by (1) the fundamental and the 13th stator magnetic field and the 11th tooth harmonic; (2) the fundamental and the 11th stator magnetic field and the 8th tooth harmonic; (3) the fundamental and the 13th stator magnetic field and the 8th tooth harmonic; (4) the fundamental rotor magnetic field and the 13th stator magnetic field and the 11th tooth harmonic.



	(10, 2f)
	Mainly generated by (1) the fundamental rotor magnetic field and the second tooth harmonic; (2) the fundamental rotor magnetic field and the first tooth harmonic; (3) the fundamental stator magnetic field and the first tooth harmonic; (4) the fundamental stator magnetic field and the second tooth harmonic; (5) the fundamental rotor magnetic field and the fundamental stator magnetic field and the second tooth harmonic.



	(−4, 4f)
	Mainly generated by (1) the fundamental and third rotor magnetic field and the third tooth harmonic; (2) the fundamental stator magnetic field and the third tooth harmonic; (3) the third rotor magnetic field and the fundamental stator magnetic field and third tooth harmonic; (4) the fifth rotor magnetic field and the fundamental stator magnetic field and third tooth harmonic; (5) the fundamental rotor magnetic field and the fundamental stator magnetic field and the third tooth harmonic.



	(8, 4f)
	Mainly generated by (1) the fundamental and 3rd stator magnetic field and the 13th tooth harmonic; (2) the fundamental and 5th stator magnetic field and the 10th tooth harmonic; (3) the fundamental rotor magnetic field and 13th stator magnetic field and 13th tooth harmonic.



	(6, 6f)
	Mainly generated by (1) the fundamental and fifth rotor magnetic field and the fifth tooth harmonic; (2) the fundamental stator magnetic field and the fifth tooth harmonic; (3) the fundamental rotor magnetic field and the fundamental stator magnetic field and fifth tooth harmonic.



	(−8, 8f)
	Mainly generated by (1) the third and fifth rotor magnetic field and the sixth tooth harmonic; (2) the fundamental and seventh rotor magnetic field and the sixth tooth harmonic; (3) the fundamental rotor magnetic field and sixth tooth harmonic; (4) the fundamental stator magnetic field and the sixth tooth harmonic; (5) the seventh rotor magnetic field and fundamental stator magnetic field and the sixth tooth harmonic; (6) the fundamental rotor magnetic field and fundamental stator magnetic field and sixth tooth harmonic.



	(−12, 12f)
	Mainly generated by (1) the fundamental and 11th rotor magnetic field and the 9th tooth harmonic; (2) the 5th and 7th rotor magnetic field and the 9th tooth harmonic; (3) the 3rd and 5th rotor magnetic field and 9th tooth harmonic; (4) the fundamental and 7th rotor magnetic field and 9th tooth harmonic; (5) the fundamental stator magnetic field and the 9th tooth harmonic; (6) the 11th rotor magnetic field and fundamental stator magnetic field and 9th tooth harmonic; (7) the 5th rotor magnetic field and fundamental stator magnetic field and 9th tooth harmonic; (8) the 7th rotor magnetic field and fundamental stator magnetic field and 9th tooth harmonic.
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Figure 1. The structure of 2D PMVSM model. 
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Figure 2. The spatial–temporal distribution of radial electromagnetic force. 






Figure 2. The spatial–temporal distribution of radial electromagnetic force.



[image: Electronics 12 04341 g002]







[image: Electronics 12 04341 g003] 





Figure 3. The spatial–temporal harmonic decomposition of radial electromagnetic force density. 
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Figure 4. The vibration and noise of the PMVSM: (a) the vibration displacement; (b) the vibration velocity; (c) the vibration acceleration; (d) sound pressure level of the PMVSM. 
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Figure 5. The main components of PMVSM: (a) the chassis of PMVSM; (b) the rotor core of PMVSM; (c) the stator of PMVSM; (d) the rotor integration of PMVSM; (e) the stator end cover; (f) the stator fixed shaft and fastening screws. 
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Figure 6. The no-load experiment of the PMVSM: (a) no-load experiment platform; (b) no-load back-EMF comparison between the FEM and experiment. 
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Figure 7. The modal experiment of the PMVSM: (a) the modal experiment platform; (b) PMVSM tapping point. 
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Figure 8. Frequency response curve. 
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Figure 9. The noise experiment of the PMVSM. 
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Figure 10. The noise of the PMVSM. 
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Table 1. The parameters of the PMVSM.
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	Item
	Value
	Unit





	Diameter of rotor
	220
	mm



	Diameter of stator
	180.8
	mm



	Inner diameter of rotor
	183
	mm



	Inner diameter of stator
	50
	mm



	Diameter of stator auxiliary slot bottom
	160.4
	mm



	Air gap length
	1.1
	mm



	Core length
	100
	mm



	The depth of SPM
	10
	mm



	Angle of short side of SPM
	4
	°



	Angle of long side of SPM
	8
	°



	Length of VPM
	13.1
	mm



	Width of VPM
	3
	mm










 





Table 2. The stator modal shape and natural frequency of PMVSM according to the FEM.
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Modes

	
Modal Shapes and Natural Frequencies






	
(2, 0)
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822.4 Hz

	
838.3 Hz




	
(2, 1)
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1298.7 Hz

	
1331.5 Hz




	
(3, 0)
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2097.8 Hz

	
2156.6 Hz




	
(3, 1)
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2404.4 Hz

	
2491.6 Hz




	
(4, 0)
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3936.1 Hz

	
3988.3 Hz




	
(4, 1)
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4253.5 Hz

	
4310.5 Hz











 





Table 3. The stator modal shape and natural frequency of PMVSM by experiment.
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Modes

	
Modal Shapes and Natural Frequencies






	
(2, 0)

and

(2, 1)
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831 Hz

	
1303.4 Hz




	
(3, 0)

and

(3, 1)
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2120.2 Hz

	
2477.1 Hz




	
(4, 0)

and

(4, 1)
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3950.3 Hz

	
4278.3 Hz
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