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Abstract

:

Many high speed applications employ a surface permanent magnet (PM) machine topology with a retaining sleeve due to its robustness and ability to achieve high overall peripheral speeds as well as efficiencies. One often overlooked feature in the mechanical design of such machines, which has not achieved sufficient attention to date is the anisotropic thermal expansion of rare earth magnets, the degree of which varies for different magnet technologies. This paper investigates the effects of the aforementioned on the mechanical design of a high speed PM spindle machine with NdFeB magnets. The maximum allowable interference is found to be limited by the working temperature of the magnets while the minimum required interference is increased due to their anisotropic thermal expansion. Based on this, appropriate conditions are formulated to integrate a Neodymium Iron Boron (NdFeB) PM in high speed rotors. These modifications considering the shaft together with the magnet anisotropic thermal expansion are included in a proposed rotor design and validated using simulations in ANSYS mechanical environment.
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1. Introduction


High speed electrical machines have increased their market uptake in applications like microturbines, turbochargers, turbomolecular pumps and gas compressors [1]. These applications employ a turbine and/or compressor whose rated power ranges from a few kWs up to few hundred kWs. In this range, a higher system efficiency is obtained by operating the turbine or compressor at a very high speed [2] and consequently the electrical machine coupled to it. High speed machines are generally surface mount permanent magnet synchronous machine (PMSM), solid rotor induction motor (IM) or switched reluctance motor (SRM) [1]. The PMSMs have better efficiency compared to IM and SRM [2]. However, their maximum operating temperature is limited by the use of PM [2]. Samarium Cobalt (SmCo) magnets are specially used in thermally aggressive environments due to their high temperature withstand ability (>350 °C) [3]. Furthermore, their magnetic properties are more stable [4] with temperature which helps in reducing the overall converter rating. NdFeB magnets have higher energy densities, and their high temperature capabilities have been steadily improving, with grades having a maximum temperature of +230 °C commercially available [3]. There are some specific high speed applications like spindle drives and flywheel energy storage where the operating temperature is low and response time is a critical parameter which should be reduced to the minimum possible value [5]. The acceleration and deceleration of these drives depends on inertia of the rotor. Hence, acceleration can be improved by using PMs having a higher field strength. The demand for a high field strength at low operating temperature favours the use of NdFeB PMs.



The metallic retaining sleeves and rare earth PMs are electrically conductive. This could result in a significant amount of eddy current being induced at high frequency operation. Hence, a majority of research reported in the field of high speed PMSM are dedicated to the reduction of eddy current losses in the rotor. This is accomplished by techniques such as changing the material of the retaining sleeve [6], using a conductive shield of copper between retaining sleeve and PM [7], segmenting the PM [8] and axial grooving or segmenting the retaining sleeve [9]. However, to date, there are very few comprehensive literature guidelines on the mechanical design of high speed PMSM.



Rare earth PMs are manufactured by bonding or sintering the magnet alloy into the required shape and size. This results in PMs having a low tensile strength and high compressive strength [10]. Most high speed surface mount PMSMs typically have a non magnetic retaining sleeve and a cylindrical PM. The dimensions of the retaining sleeve and PM are selected to accomplish a shrink fit between them during the fabrication process. The interference caused by shrink fit should maintain the PM in a state of compression for its entire range of operation. Conventional method of estimating interference involves stress analysis due to shrink fit, temperature and speed. The temperature considered here is the maximum estimated operating point resulting from rotor losses [11] and not the brief value attained by PM upon interacting with the heated retaining sleeve during fabrication. This transient rise in temperature will impose an upper limit over the range of values considered suitable for estimating interference.



Through-shaft rotor of a high speed PMSM is shown in Figure 1a. The optimal value of interference is conventionally obtained considering only the retaining sleeve and PM [10,12,13]. However, in case of a through-shaft rotor this could result in an erroneous structural design as the shaft prevents the PM from free contraction during shrink fit. Therefore, the shaft should be considered in the analysis of shrink fit. Furthermore, if the retaining sleeve is made of carbon fibre it exhibits anisotropic behaviour, hence, this anisotropic nature of carbon fibre should be included in the analysis of interference fit [14,15,16]. Typically, in existing literature axisymmetric shrink fit analysis is performed considering isotropic thermal expansion of PM if a metallic retaining sleeve is used [10,12,17]. In contrast, both NdFeB and SmCo PMs exhibit anisotropic thermal expansion [18,19]. Furthermore, the anisotropic nature of the magnets varies between grades [18,20]. This necessitates structural analysis in the transverse plane considering anisotropic thermal expansion of PM. Finally, the shaft key, used for holding PM onto the shaft is avoided in high speed machines to prevent asymmetry. Hence, the contact pressure between each adjacent pair is designed to incorporate appropriate torque transfer capability while simultaneously ensuring sufficient structural rigidity of the rotor.



This paper is organized as follows. The anisotropic thermal expansion in rare earth PMs is explained in Section 2. Section 3 describes the methodology followed while selecting various components in the rotor. The electromagnetic design of a through-shaft rotor is explained in Section 4. Interference is estimated in Section 5 considering only the retaining sleeve and PM. The modification required in shrink fit analysis due to anisotropic thermal expansion is proposed in Section 6. The rotordynamic analysis is given in Section 7. Finally, the outcome of the structural analysis with inclusion of anisotropic thermal expansion is presented in Section 8.




2. Anisotropic Thermal Expansion in Sintered Rare Earth PMs


The crystal structure representation of a sintered anisotropic PM is shown in Figure 2a. The c-axis represents the axis of easy magnetization while the a-axis represent the axis of hard magnetization. Typically, for rare-earth magnets, the coefficient of thermal expansion is provided in both the parallel and perpendicular directions to the c-axis by the manufacturers. The c-axis and a-axis for a diametrically magnetized PM can be easily identified by comparing Figure 2b with Figure 2a. For NdFeB magnets, the diametrically magnetized PM changes from circular to elliptical in shape as shown in Figure 2c. Elliptical shape results due to the expansion of PM along y-axis and contraction along x- and z-axis caused by a rise in temperature. The diametrically magnetized PMs are the type of PMs which are commonly incorporated in 2 pole high speed machines to achieve a sinusoidal flux distribution in the airgap. Therefore, anisotropic thermal expansion should be considered while designing the machine in contrast to conventionally used (in literature to date) isotropic analysis.




3. Material Selection and Design Specification of PMSM with Through-Shaft Rotor


Material selection is the foremost phase in designing a motor. Meticulous investigation at this stage aids the designer in identifying the maximum permissible temperature during fabrication and operation. The thermal stress imposed on the magnet during fabrication is much higher compared to the normal working limit. The rotor comprises of three components, namely, PM, retaining sleeve and shaft. The retaining sleeve and shaft are typically composed of non magnetic material while the magnet belongs to the rare earth family of PMs. Selection of material suitable for sleeve and PM is discussed below.



3.1. Retaining Sleeve


The thickness of the retaining sleeve adds to the airgap and in turn increases the apparent airgap encountered by the PM. The sleeve thickness can be reduced by using a material which exhibits higher yield strength. The coefficient of thermal expansion (CTE) is a measure of maximum interference realized with a material for a definite rise in temperature. Conventionally, the shrink fit between PM and retaining sleeve is achieved by cooling the former and heating the latter. However, on cooling, NdFeB PM expands in the perpendicular direction due to its negative CTE. Therefore, cooling the PM does not aid the fabrication process. Hence, the interference is more favourably established by only heating the retaining sleeve. The ultimate tensile strength and CTE of the commonly used materials in retaining sleeve like Inconel 718 and Titanium alloy are shown in Table 1a. After examining the fore mentioned qualities, Inconel 718 with higher tensile strength and thermal expansion is selected for the retaining sleeve.




3.2. Permanent Magnet


The thermal and mechanical properties pertaining to typical grades of the major classes of rare earth PMs are listed in Table 1b. The tensile and compressive strength of NdFeB magnets are higher than that of SmCo PMs. This shows that the former is mechanically stronger and establishes it as a suitable candidate for being employed in a high speed machine. Nevertheless, the common argument cited against NdFeB PM is its poor thermal stability. Two PMs, one from each group, with comparable maximum operating temperature are chosen for evaluation. The remanence (  B r  ) and maximum energy product (   ( BH )  max  ) are higher for NdFeB and in support of choosing it while the temperature coefficient of remanence (TCR) provides a hindrance. However, TCR is not a suitable parameter to compare PMs unless their maximum operating temperature is considered. The maximum worst case operating temperature in our application is curtailed to 61 °C based on the thermal analysis presented in Section 4.2. Therefore, it is essential to compare   B r   at the maximum operating temperature. The remanence of NdFeB is higher compared with SmCo magnet even at 60 °C. This supports the use of NdFeB magnets.




3.3. Rating


The motor ratings for this case study are drawn from a high speed motorized spindle requirement as given in Table 2a. The dimensional restrictions on the high speed motor are listed in Table 2b. After analyzing the demands, surface mount PMSM with a retaining sleeve is selected to realize the wide ranging requirements imposed on the motor like ultra high speed, compactness and high efficiency.





4. Design


4.1. Electromagnetic Design


The electromagnetic design of a PMSM with through-shaft rotor is performed considering the dimensional restrictions imposed on the machine, specifically, the stator outer diameter and the rotor length. The maximum rotor length, specified in Table 2b, corresponds to the length of PM (  L PM  ) and not the overall rotor length (  L S  ), as depicted in Figure 1b Traditionally, the stack length of stator is kept longer than   L PM   to reduce the end effects. Nevertheless, the present design considers both to be equal. In addition, a hollow cylindrical PM with diametrical magnetization is used in this rotor to achieve sinusoidal flux density distribution in the airgap.



As the switching frequency required at high speeds is in the order of few kHz even in case of a two pole machine, core loss is significant. It can be reduced by decreasing the operating flux density in the stator. But, selection of stator material with a high value of saturation flux density, offers sufficient slot area to accommodate and cool the conductors. Based on these observations, Vacoflux 48 with a high saturation flux density of 2.1 T and simultaneously a low core loss of 199 W/kg is selected for the stator laminations. The core loss value is given at 2 T with an excitation frequency of 2 kHz.



The dimensions of the machine resulting from empirical equations are listed in Table 3. The analytical design is validated using 2-Dimensional MagNet Finite Element Analysis (FEA) package. The maximum flux density in the stator core is less than 2.1 T as shown in Figure 3a. The output torque is plotted in Figure 3c by exciting the stator coils with both sinusoidal and quasi square wave currents as given in Figure 3b. The value of output torque shown in Figure 3c matches closely with the demanded value and its torque ripple is around 15%. All these aspects ascertain the validity of the designed motors.




4.2. Thermal Analysis


The temperature distribution and peak operational temperature in the rotor are critical for estimating the required interference and conducting a successful mechanical design. A coupled electromagnetic and thermal analysis is performed using MagNet and ThermNet FEA packages to obtain the temperature distribution in the rotor. Losses are presented in Table 4 for both sinusoidal and quasi-square-wave excitations to establish a worst-case rotor temperature value. As expected quasi-square-wave rsults in more eddy current loss in the retaining sleeve and PM due to its higher harmonic content as shown in Table 4. The thermal conductivity and specific heat capacity of various materials used in thermal analysis is given in Table 5.



A water jacket cooling is assumed with an ambient temperature of 30 °C. The temperature distribution in the machine is shown in Figure 4, with the maximum temperature in the rotor being nearly 61 °C. Hence, performing shrink fit analysis at a temperature of 100 °C will ascertain the rotor with sufficient structural integrity considering other unaccounted losses in the machine.





5. Shrink Fit Analysis


The interference established by shrink fitting the retaining sleeve on to PM should withstand the effects of speed and temperature. The dimensional relationship existing along the radial direction is illustrated in Figure 1c. The inner radius of retaining sleeve is always less than the outer radius of PM by the demanded interference ( δ ). In addition, the outer radius of shaft is made equal to the inner radius of PM to enable smooth sliding of the shaft through the PM before shrink fitting the retaining sleeve.



The shrink fit is evaluated at 170 krpm (≈1.2 × maximum speed) and 100 °C to ensure sufficient safety margin at the maximum operating point. The properties of Inconel 718 and NdFeB PM are shown in Table 6. The maximum allowable tensile and compressive stresses are obtained considering the factor of safety as 1.5. A search range of 1 to 30  μ m is selected to identify the most favourable interference. The shaft is not considered in this analysis. Initially, the interference is calculated without imposing the tensile limits of Inconel 718 and the results are plotted in Figure 5a. The assigned interference represent the value established during fabrication. The interference is reduced on including the effect of speed and temperature. This decrease in resulting interference is illustrated in Figure 5a with an assigned interference of 10  μ m. Radial deformation in PM due to change in temperature is maximum in the directions parallel and perpendicular to magnetization as shown in Figure 5b. The conventional analysis is performed considering isotropic thermal expansion using CTE in the parallel direction. However, the required value of minimum interference is found to increase if we consider the thermal expansion in perpendicular direction. This demonstrates the significance of considering anisotropic thermal expansion in NdFeB PM while estimating the interference.



Figure 5c and Figure 6a,b are obtained by including the stress limits of Inconel 718 and NdFeB PM in our analysis. The favourable zone of interference is reduced on including the effect of speed (Figure 6a) as compared to its static value (Figure 5c). The increase in minimum interference is a result of sleeve disengaging from the assembly while the decrease in maximum interference is due to the additional contribution of stress from centrifugal force to the shrink fit assembly. Figure 6b is obtained by including the effects of shrink fit, speed and temperature to the mechanical stress. The increase in lower limit is again due to the disintegration of assembly. However, thermal expansion decreases the stress and in turn increases the upper limit on the favorable interference. This indicates the importance of considering all the effects in stages before arriving at the favorable set of interference.



The rotor fabrication is initiated by heating the retaining sleeve. Therefore, the PM interacts with a retaining sleeve at high temperature. Permanent demagnetization can be prevented by restricting sleeve temperature below maximum working temperature of PM. NdFeB PM has a maximum working temperature of 200 °C. This indirectly restricts the value of maximum possible interference which can be obtained by using Inconel 718 as retaining sleeve to 10  μ m as shown in Figure 6c. Taking all the above mentioned factors into account, the favourable range of interference is found to be 8 to 10  μ m as identified in Table 7.




6. Structural Analysis of Rotor


The highest favorable value of interference i.e., 10  μ m is selected to ensure maximal structural integrity in the rotor. The structural FEA is performed to evaluate the rigidity of rotor. Deformation, radial stress (  σ rad  ), circumferential or tangential stress (  σ cir  ) and Von-Mises stress (  σ von  ) are the outputs of structural analysis.   σ cir   is used to identify the state of a body. It is positive for tension and negative for compression.   σ rad   exerts contact pressure to hold the components together. It is used as a parameter to ensure perfect torque transfer in the absence of a rotor key.   σ von   is a scalar quantity used to identify the yield limit of a material. The value of   σ von   should be restricted below the allowable stress limits to prevent plastic deformation. The anisotropic thermal expansion establishes quarter symmetry in the rotor. Therefore, a quadrant of the cylindrical rotor is subjected to structural FEM analysis.



The through-shaft rotor is simulated in ANSYS FEA considering only the retaining sleeve and PM. Frictionless support is applied as the boundary condition to impose the inherent quarter symmetry in rotor structure, as shown in Figure 7a. The other conditions, which are included in the simulation, are speed and temperature of 170 krpm and 100 °C respectively. Figure 7b implies that the maximum value of   σ von   is much less than 735 MPa in the retaining sleeve. Figure 7c validates that the PM is in compression while the sleeve is in a state of tension without the shaft and considering anisotropic thermal expansion. These results corroborates the choice of 10  μ m as the assigned interference. However, further studies with the presence of shaft is instigated to gain a better insight in the evaluation of the required shrink fit.



6.1. Including the Presence of Shaft


6.1.1. FEM Analysis


Unlike the retaining sleeve, the shaft does not share an interference fit with PM. It holds on to PM by the contact pressure generated at the shaft-PM interface due to the shrink fit established between sleeve and PM. Shaft is fabricated from Inconel 718 to ensure high stiffness. Generally, axisymmetric analysis is performed considering isotropic thermal expansion. Though the PM has anisotropic thermal expansion, initially isotropic CTE is considered to identify the variation in developed stress due to the presence of shaft. Mesh sensitivity analysis is performed to ascertain the validity of FEA results. The circumferential stress resulting due to shrink fit analysis including the shaft is shown in Figure 8a for isotropic thermal expansion in PM. The variation of circumferential stress along the radial direction.




6.1.2. Analytical Model


Analytical modelling of interference is performed to validate the results obtained through FEA. Multilayer interference analysis [22] is considered to model interference between shaft-PM and PM-Sleeve. The rotor dimensions, namely a, b and c as shown in Figure 9a are chosen for the shaft-PM interface, PM-sleeve interface and the outer radius of sleeve respectively. The radial stress acting on various components are represented in Figure 9b–d after considering a contact pressure of   P i   and   P o   at the shaft-PM and PM-sleeve interface respectively. The stress analysis at the shaft-PM and PM-sleeve interface results in (1)–(3) and (4)–(6) respectively.   E 1  ,   E 2   and   E 3   represent the Young’s modulus of shaft, PM and sleeve respectively. Similarly,   ν 1  ,   ν 2   and   ν 3   represent the Poisson’s ratio of shaft, PM and sleeve respectively.   δ 1   and   δ 2   are the interference at the shaft-PM and PM-sleeve interfaces respectively.



	
Shaft-PM interface


   A 1  ·  P i  +  A 2  ·  P o  =  δ 1   



(1)






   A 1  =   a (  a 2  +  b 2  )    E 2   (  b 2  −  a 2  )    +   a  ν 2    E 2   +   a ( 1 −  ν 1  )   E 1    



(2)






   A 2  =   − 2 a  b 2     E 2   (  b 2  −  a 2  )     



(3)







	
PM-Sleeve interface


   B 1  ·  P i  +  B 2  ·  P o  =  δ 2   



(4)






   B 1  =   − 2  a 2  b    E 2   (  b 2  −  a 2  )     



(5)






   B 2  =   b (  b 2  +  c 2  )    E 3   (  c 2  −  b 2  )    +   b  ν 3    E 3   +   b (  a 2  +  b 2  )    E 2   (  b 2  −  a 2  )    −   b  ν 2    E 2    



(6)







The radial and circumferential stress acting at the interface of various components due to the interference are given by (7)–(10) and (11)–(14) respectively.



	
Radial Stress




	-

	
Shaft:


   σ  r a d    | a = −   P i   



(7)








	-

	
Permanent Magnet


   σ  r a d    | a = −   P i   



(8)






   σ  r a d    | b = −   P o   



(9)








	-

	
Sleeve


   σ  r a d    | b = −   P o   



(10)













	
Circumferential Stress




	-

	
Shaft:


   σ  c i r    | a = −   P i   



(11)








	-

	
Permanent Magnet


   σ  c i r    | a =     P i   (  a 2  +  b 2  )  − 2  b 2   P o     b 2  −  a 2     



(12)






   σ  c i r    | b =    2  a 2   P i  −  P o   (  a 2  +  b 2  )     b 2  −  a 2     



(13)








	-

	
Sleeve


   σ  c i r    | b =     P o   (  b 2  +  c 2  )     c 2  −  b 2     



(14)













The effect of centrifugal force on radial and circumferential stress at a point r in a cylinder are represented by    σ  r a d   C e n    | r    and    σ  c i r   C e n    | r   , and calculated using (15)–(16) respectively. Both centrifugal force and thermal expansion alters the radius of shaft, PM and sleeve.    u  C e n    | r    and   Δ  r  T e m p     represent the radial change in dimension at a point r in a cylinder due to centrifugal and thermal effects respectively. This variation in radial dimension due to centrifugal and thermal effects changes the interference at the shaft-PM and PM-sleeve interface. Therefore, this is considered in the analytical modelling by changing   δ 1   and   δ 2   in Equations (1) and (4) based on (17) and (18). Equations (15)–(18) are generalized equation of a hollow cylinder where   E k  ,   ν k  ,   r  i n ,  k   ,   r  o u t ,  k   ,   r o  ,   ρ k   and  ω  represent Young’s modulus, Poisson’s ratio, inner radius, outer radius, point of analysis, density and speed of rotation respectively. k = 1, 2 and 3 for shaft, PM and sleeve respectively.   α 1  ,   α 2   and   α 3   represent the coefficient of thermal expansion for the material used for shaft, PM and sleeve respectively. The change is temperature from ambient is given in (18) by   Δ T  . Based on the analyzed part of the rotor, these values are selected following Table 8.



Consequently, the effect of thermal and centrifugal force on shaft, PM and sleeve are obtained by using appropriate values in (15)–(18).



	
Effect of centrifugal force


   σ  r a d   C e n    | r =    3 +  ν k   8    r  i n ,  k  2  +  r  o u t ,  k  2  −  r 2  −    r  i n ,  k  2   r  o u t ,  k  2    r 2     ρ k   ω 2   



(15)






   σ  c i r   C e n    | r =    3 +  ν k   8    r  i n ,  k  2  +  r  o u t ,  k  2  −    1 + 3  ν k    3 +  ν k      r 2  +    r  i n ,  k  2   r  o u t ,  k  2    r 2     ρ k   ω 2   



(16)









    u  C e n    | r =     ( 3 +  ν k  )   ( 1 −  ν k  )    8  E k      r  i n ,  k  2  +  r  o u t ,  k  2  −    1 +  ν k    3 +  ν k      r 2  +    1 +  ν k    1 −  ν k        r  i n ,  k  2   r  o u t ,  k  2    r 2     ρ k   ω 2  r   



(17)







	
Effect of temperature


  Δ  r  T e m p   =  r  o u t ,  k    α i  Δ T  



(18)










The analytical results obtained using (1)–(18) with   δ 1   and   δ 2   as 0 and 10  μ m respectively are presented in Table 9. The FEA results highlighting the stress at the interface are shown in Figure 10a–c. These results are presented in numerical form in Table 10. On comparing the values in Table 9 with Table 10, the analytical and FEA results are found to be very close. This validates the FEA results (Figure 11).





6.2. Design Changes to Reduce Tensile Stress


The restriction offered by shaft is the cause of tensile stress in PM. Figure 8c shows the free compression of PM due to shrink fit in the absence of shaft. The radial contraction at the inner circumference of PM solely due to static shrink fit is 2.5  μ m. The presence of shaft prevents free contraction of PM and in turn exerts force in the opposite direction. The CTE of shaft is much higher compared to that of NdFeB PM. During thermal expansion, this increases the magnitude of opposing force and in turn dominates the compressive force offered by the retaining sleeve. Thus the net force acting on PM is tensile in nature. The opposing force can be decreased by reducing the outer diameter of shaft. The gap created between shaft and PM increases the zone for free contraction of PM. However, the outer diameter cannot be reduced considerably as this might detach the shaft from PM.



The contact pressure holds the permanent magnet onto the shaft and enables perfect torque transfer. The maximum permissible torque transfer by shrink fit is estimated using (19),


  T = 2 π   a  2  μ  p c   L PM   



(19)




where, T and a are rated torque and radius of shaft respectively.   L PM   is the axial length of PM as shown in Figure 1b. The coefficient of friction  μ  is taken as 0.2. Using (19), the contact pressure (  p c  ) at PM-shaft interface should be greater than 0.25 MPa for rated torque transfer.



The radius of the shaft is estimated using (1)–(18) by considering the following steady state and transient conditions of the machine:




	
Speed: 0 to 170,000 rpm



	
Temperature: 25 to 100 °C



	
Maximum temperature difference between sleeve and PM: 10 °C



	
Maximum temperature difference between PM and shaft: 10 °C



	
   σ θ   |   a for PM and shaft < 0



	
   σ r   |   a for PM and shaft > 5 MPa (Considering a multiplication factor of 20 on   p c  )








Based on the above conditions, the radius of the shaft can be reduced within a range of 0.8 to 1.1  μ m. From this, 1  μ m is chosen for FEA analysis. Figure 8b shows the variation in circumferential stress after the shaft diameter is reduced by 1  μ m. The PM is completely in compression and the maximum tangential stress on the PM has reduced to −5 MPa from 41.5 MPa.




6.3. Anisotropic Thermal Expansion


All sintered magnets are anisotropic in nature. Hence, it is essential to consider anisotropic thermal expansion during structural analysis of rotor. Three commercially available PMs with different CTE are considered to study the effect of anisotropic thermal expansion of PM on the rigidity of the rotor. The thermal expansion coefficients of these PMs are listed in Table 11. Isotropic expansion of these PMs are performed initially to establish the necessity of anisotropic thermal expansion. The variation in tangential stress for type I, II and III PM are shown in Figure 12a, Figure 12b and Figure 12c respectively. Based on these results it can be inferred that type I and II PMs are in tension while type III PM is in compression even after including the presence of shaft.



Anisotropic thermal expansion is performed subsequently and results are shown in Figure 13a–c. For better visualization, the graphical representation of the same results are given in Figure 14a–c for type I, II and III PM respectively. The angles represented in Figure 14a–c are with respect to the perpendicular direction of magnetization in the anticlockwise direction as shown in Figure 11a.



The PM is in tension for type I, II and III PM unlike the result predicted by considering isotropic thermal expansion. The maximum tensile stress is above 50 MPa is all three cases. This value is found to occur at the inner radius of PM along the axis parallel to direction of magnetization. Similar to isotropic thermal expansion, the influence of the radius of shaft during anisotropic thermal expansion is studied by reducing it by 1  μ m. The FEM results with reduced outer diameter of shaft are shown in Figure 15a–c. It can be seen that the maximum tensile stress has significantly reduced by reducing the diameter of shaft. However, only type II and III PM exhibit maximum tensile stress below 50 MPa. Thus, anisotropic CTE influences the type of PM which can be employed in design. Nevertheless, 1  μ m is below the achievable manufacturing limits and also not practically feasible. This necessitates the need to identify alternative methods which are practically implementable.




6.4. Material with Lower CTE: Titanium Shaft


As previously mentioned in Section 3, the higher CTE of Inconel enables increased interference fit and thereby favours its selection over titanium for the retaining sleeve. However, the same property of Inconel is found to limit its application for the shaft as elaborately discussed in Section 6. The possibility of replacing the Inconel shaft with a material of lower CTE i.e., titanium is studied in this section. The material properties of titanium like density, Young’s modulus and Poisson’s ratio are 4400 kg/m   3  , 97 GPa and 0.34, respectively. The FEM results with titanium shaft are shown in Figure 16a–c. The maximum tensile stress is below 50 MPa for type II and II PMs. This is achieved without reducing the outer diameter of the shaft. Consequently, a material with lower CTE is identified as the ideal choice for the shaft.





7. Rotordynamic Analysis


The rotordynamic analysis is performed to avoid mechanical resonance below the maximum operating speed of the machine. The critical frequency of the rotor is evaluated by incorporating a bearing stiffness of 50,000 N/mm. The first and second critical speeds are found to be 225,840 and 660,060 respectively. The first critical speed is much higher than the maximum operating speed. Therefore, the rotor does not undergo any mechanical resonance in the operating speed range. The deformation of the rotor in its first critical speed is shown in Figure 17.




8. Conclusions


In this paper, effect of anisotropic thermal expansion of NdFeB PM is identified and taken into account for interference calculation of a high speed PMSM. A PMSM with through-shaft rotor is designed and its structural integrity is validated using ANSYS FEA. In addition, analytical formulation based on multilayer interference analysis is provided to model both shaft-PM and PM-sleeve interface simultaneously. The results of analytical formulation is found to match quite closely with the FEA analysis. The key observations are as follows:




	
The minimum interference required between the retaining sleeve and PM increases due to anisotropic thermal expansion.



	
The maximum interference is limited by the working temperature of NdFeB PM.



	
The absence of shaft enables free internal deformation of the PM. This ensures that the PM is in compression due to the interference at the PM-sleeve interface. However, the presence of shaft restricts the free internal deformation of the PM and results in tensile stress. Therefore, it is crucial to account for the presence of shaft while estimating the interference.



	
Increased tensile stress is found to occur on the PM at shaft-PM interface. This is because of restricted internal deformation of PM due to the presence of shaft. Consequently, the rotor should be designed with reduced outer diameter of shaft and considering anisotropic thermal expansion in NdFeB PM.



	
A reduction of 1  μ m is required on the outer diameter of the shaft to prevent excessive tensile stress in the PM. However, this value is difficult to be realized with the current manufacturing technologies. Therefore, using a material with lower CTE for the shaft is established as the practically feasible solution.



	
The CTE of NdFeB magnets vary from one manufacturer to the other. CTE is found to play a dominant role in the value of tensile stress experience by the PM. Therefore, the grade of PM should be selected only after analyzing their CTE.
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Figure 1. Through-shaft rotor configuration (a) Isometric view showing its shaft (A), PM (B) and retaining sleeve (C) (b) Axial view showing length of PM (  L PM  ) and shaft (  L S  ) (c) Conventionally established relationship between radial dimensions. 
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Figure 2. Anisotropic PMs (a) Crystal structure (b) Diametrically magnetized PM (c) Dimensional changes due to thermal expansion. 
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Figure 3. FEA simulation results showing (a) Flux density distribution with quasi-square-wave (b) Applied phase current (c) Output torque. 
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Figure 4. Temperature distribution. 
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Figure 5. Structural analysis (a) Without considering stress limits (b) Radial expansion at outer boundary of PM at 100 °C (c) Considering only static stress. 
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Figure 6. Structural analysis showing (a) Dynamic stress including the effect of speed (b) Dynamic stress including the effect of speed and temperature (c) Thermal expansion of sleeve. 
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Figure 7. Structural FEA analysis showing (a) Boundary condition applied in simulation (b) Von-Mises stress without shaft and anisotropic CTE (c) Circumferential stress without shaft and anisotropic CTE. 
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Figure 8. Structural FEA analysis showing (a) Circumferential stress with shaft and isotropic CTE (b) Circumferential stress with shaft reduced by 1  μ m and isotropic CTE (c) Static deformation without shaft. 
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Figure 9. Model for analytical evaluation showing (a) Rotor dimension (b) Shaft (c) PM (d) Sleeve. 
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Figure 10. FEA results showing (a) Radial stress (b) Tangential stress (c) Von Mises stress. 
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Figure 11. (a) Rotor structure showing the contours along which various results will be analyzed (0°: perpendicular to magnetization, 45°: 45° with respect to the perpendicular direction of magnetization, 90°: parallel to magnetization, m1, m2 and m3: Inner, middle and outer boundary of PM, sh: outer boundary of shaft and Sl: inner boundary of sleeve) (b) Circumferential stress along m1, m2 and m3 considering shaft and isotropic expansion (c) Circumferential stress along m1, m2 and m3 considering shaft reduced by 1  μ m and isotropic expansion. 
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Figure 12. FEM results showing variation in tangential stress with isotropic thermal expansion for (a) Type I PM (b) Type II PM (c) Type III PM. 
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Figure 13. FEM results showing tangential stress without reduction in shaft radius for (a) Type I PM (b) Type II (c) Type III PM. 
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Figure 14. FEM results showing the variation in tangential stress with anisotropic expansion for (a) Type I PM (b) Type II PM (c) Type III PM. 
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Figure 15. FEM results showing tangential stress with shaft radius reduced by 1  μ m for (a) Type I PM (b) Type II PM (c) Type III PM. 
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Figure 16. FEM results showing tangential stress with titanium shaft for (a) Type I PM (b) Type II PM (c) Type III PM. 
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Figure 17. Deformation at the first critical speed. 
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Table 1. Properties of materials suitable for (a) Retaining sleeve [21] and (b) Rare earth PMs [18,19].
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(a)




	
Property

	
Inconel 718

	
Titanium Alloy




	
Tensile strength (MPa)

	
1100

	
825




	
CTE (1/K)

	
13 × 10    − 6   

	
8.4 × 10    − 6   




	
(b)




	
Property

	
NdFeB

	
SmCo




	
Tensile strength (MPa)

	
75

	
35




	
Compressive strength (MPa)

	
1100

	
800




	
Max. operating temp. (°C)

	
200

	
250




	
Remanent flux density,   B r   (T)

	
1.24–1.28

	
0.92–0.96




	
Maximum energy product,    ( BH )  max   (kJ/m   3  )

	
302–326

	
160–175




	
Temperature Coefficient of    B r    ( % / K )   

	
−0.11

	
−0.04




	
Remanent flux density (  B r  ) at 60 °C

	
1.20–1.24

	
0.90–0.946
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Table 2. Design specification (a) Motor rating (b) Dimensional restrictions.
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(a)




	
Type

	
PMSM




	
Duty

	
Continuous




	
Speed (rpm)

	
140,000




	
Power (W)

	
630




	
Efficiency (%)

	
90.0




	
Line to line voltage (V)

	
200




	
(b)




	
Maximum stator outer diameter (mm)

	
35




	
Maximum rotor length (mm)

	
35
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Table 3. Motor dimensions.
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	Property
	Value





	Stack length (mm)
	35



	Outer and inner diameter of PM (mm)
	9, 4



	Thickness of retaining sleeve (mm)
	1.5



	Length of retaining sleeve (mm)
	35



	Number of poles
	2



	Type of magnetization
	Parallel



	Airgap thickness (mm)
	0.5



	Outer and inner diameter of stator (mm)
	35, 13



	Tooth width (mm)
	2



	Slot fill factor
	0.42
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Table 4. Losses due to sinusoidal and quasi square wave excitation.
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Part

	
Quasi Square

	
Sinusoidal






	

	
Copper

	
Iron

	
Copper

	
Iron




	

	
Loss (W)

	
Loss (W)

	
Loss (W)

	
Loss (W)




	
Stator

	
-

	
48.1

	
-

	
26.4




	
Sleeve

	
14.1

	
-

	
3.4

	
-




	
Winding

	
5

	
-

	
5

	
-




	
PM

	
0.9

	
-

	
0.3

	
-




	
Shaft

	
0.04

	
-

	
0

	
-




	
Peak

	
61

	
46




	
temperature (°C)
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Table 5. Thermal Coefficients.
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Part

	
Thermal

	
Specific Heat




	
Conductivity (W/(m·°C))

	
Capacity (J/(kg·°C))






	
Vacoflux 50

	
32.6

	
398




	
Air

	
0.03

	
1009




	
Copper

	
386

	
383.1




	
Inconel 718

	
11.4

	
435




	
NdFeB

	
9

	
460




	
Water

	
0.68

	
4216.1
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Table 6. Properties of sleeve [21] and PM [18].
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Property

	
Inconel 718

	
NdFeB PM






	
Density (kg/   m  3  )

	
8190

	
7500




	
Young’s Modulus (GPa)

	
205

	
160




	
Poisson’s Ratio

	
0.28

	
0.24




	
Allowed Tensile Stress (MPa)

	
735

	
50




	
Allowed Compressive

	
-

	
735




	
Stress (MPa)




	
CTE (1/K)

	
13   ×   10  − 6    

	
‖ 3.4   ×   10  − 6    




	
⊥ −4.8   ×   10  − 6    
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Table 7. Favourable range of interference.






Table 7. Favourable range of interference.





	Interference
	Range (  μ  m)





	Assumed
	0–30



	Without stress limits
	8–30



	Static stress
	0–21



	Dynamic only speed
	2–20



	Dynamic speed and temperature
	8–26



	Sleeve temperature
	0–10



	Favourable
	8–10
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Table 8. Parameters for analytical equations.
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	Part
	k
	    ν k    
	    E k    
	    r  in ,  k     
	    r  out ,  k     
	Range of r
	    ρ k    
	    α k    





	Shaft
	1
	   ν 1   
	   E 1   
	0
	a
	0 ≤ r ≤ a
	   ρ 1   
	   α 1   



	PM
	2
	   ν 2   
	   E 2   
	a
	b
	a ≤ r ≤ b
	   ρ 2   
	   α 2   



	Sleeve
	3
	   ν 3   
	   E 3   
	b
	c
	b ≤ r ≤ c
	   ρ 3   
	   α 3   
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Table 9. Analytical Results.






Table 9. Analytical Results.





	Stress (MPa)
	Shaft at a
	PM at a
	PM at b
	Sleeve at b





	Radial Stress
	−93.25
	−93.25
	−55.4
	−55.4



	Tangential Stress
	−91.38
	41.87
	−19.92
	283.95



	Von-Mises Stress
	92.33
	119.81
	48.6
	315.33
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Table 10. FEA Results.






Table 10. FEA Results.





	Stress (MPa)
	Shaft at a
	PM at a
	PM at b
	Sleeve at b





	Radial Stress
	−90.38
	−89.76
	−53.78
	−53.79



	Tangential Stress
	−88.58
	41.54
	−18.54
	275.31



	Von-Mises Stress
	89.48
	115.61
	47.36
	307.76
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Table 11. Thermal properties of PMs.






Table 11. Thermal properties of PMs.





	Type
	‖ CTE (1/K)
	⊥ CTE (1/K)





	I
	3.4 × 10    − 6   
	−4.8 × 10    − 6   



	II
	5.2 × 10    − 6   
	−0.8 × 10    − 6   



	III
	7.5 × 10    − 6   
	−0.1 × 10    − 6   
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