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Abstract

:

This paper analyzes the impact of manufacturing tolerances on the cogging torque of a 24-slot 28-pole tooth-coil-winding permanent magnet synchronous machine with a modular stator core (TCW-MPMSM). Dimensional tolerances and asymmetries associated with the modular topology are studied by means of finite element simulations in order to identify key parameters that increase the cogging torque above the expected values of a faultless machine. Among five selected dimensional parameters, it was found that angular displacement, radial displacement, and tooth–tip width deviations of the stator segments have the most significant impact on the cogging torque. Considering these three key parameters, a full-range tolerance analysis is carried out by means of a proposed superposition-based approach, evaluating all possible combinations of typical deviation values. It is concluded that the cogging torque increment, generated by tolerances, is relatively independent of the faultless tooth–tip width of the stator segments and the arc-to-pole ratio. Robustness of the TCW-MPMSM, regarding cogging torque generation, depends on both the tightness of the tolerances handled in the manufacturing process and the rated cogging torque: the lower the cogging torque of the ideal machine, the less robust is the machine and, therefore, manufacturing imperfections will be required to be tightened.
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1. Introduction


Tooth-coil-winding (TCW) permanent magnet (PM) machines with a modular stator core have been widely investigated in recent decades, given that they offer unique manufacturing attributes, which allow the design of complex structures [1,2,3,4]. These machines are characterized by having a segmented stator core with flux barriers between adjacent segments, as shown in Figure 1.



A segmented core can be used in flux-switching PM machines to allocate the magnets, resulting in a simple and robust rotor structure [5]. The modular structure is suitable for permanent magnet synchronous machines (PMSMs), since it simplifies the winding process, increases the slot fill factor and reduces the material waste produced during the manufacturing process of the stator laminations [6]. The modular stator is also suitable in applications where fault-tolerant capability is required, as this topology reduces the magnetic and electric coupling of coils of adjacent modules [7,8].



Depending on the geometry, the modular stator structure can be classified as either an I-shape [9], E-shape, or U-shape [10] (also called a C-shape). The I-shape stator core is commonly used in yokeless and segmented armature (YASA) axial flux permanent magnet machines [9], whereas the E-shape and the U-shape structures are typically adopted in radial flux topologies.



Flux barriers (flux gaps) in the stator core can increase the reluctance of the magnetic circuit, which, in turn, decreases the magnetic coupling between stator and rotor when compared to a traditional stator structure (without the flux barrier). This can lead to a potentially lower constructive volume utilization [7]. Despite this, flux barriers can have a positive effect on the machine performance, by reducing sub- or super-space-harmonics of the on-load airgap flux density distribution generated by the TCW [11].



Several papers have studied the performance optimization of these machines [10,11,12,13]. In most cases, the constructive aspects are not thoroughly considered, and the geometry of the machine is evaluated with exact dimensions. However, due to assembly imperfections and mechanical tolerances of constructive parameters, the machine prototype may differ from the theoretical (faultless) design. Neither robust designing nor tolerance analyses of TCW-PMSMs with modular stators have yet been addressed in literature, even when these two aspects have been proven to be relevant to modern electrical machine design [13].



Tolerance analysis involves dimensional, assembly and material imperfections, and their impact on the machine performance [14]. For instance, in conventional TCW-PMSMs, assembly tolerances such as magnet misalignment affect both the period and the peak-to-peak value of the cogging torque [15]. Dimensional tolerances also modify the back electromotive force which can generate circulating currents in the stator windings [16,17]. Similar effects are obtained when the PMs feature different magnetization values [18]. Among the evaluated performance indexes for PMSMs, cogging torque and torque ripple are critical [15,16,18], as it mainly depends on the geometry of the magnets and slots, which are subjected to manufacturing imperfections.



In order to avoid unexpected effects of tolerances on the performance of a final prototype, a sensitivity analysis and a robustness study should be carried out [13,19]. As mechanical imperfections originate from different sources and combinations of parameters, finite element (FE) analysis can take considerable time; in this case, analytical or semi-analytical methods are preferred [20,21,22,23].



The classical approach to robust design considers inevitable parameter variation, aiming to trade off rated performance versus robustness. Figure 2 shows a simple optimization (maximization) decision of a target y that depends on the parameter x. The optimal solution is not robust, as a slight change of the parameter x results in a large loss of y value, whilst the robust solution does not have this deficiency. This concept has not been evaluated for TCW-PMSMs with modular stator core (TCW-MPMSM) so far.



This paper aims to determine the impact that dimensional and assembly tolerances of the stator structure have on the cogging torque of TCW-MPMSM, and to state general conclusions about the robustness of these machines, regarding the cogging torque. A set of relevant parameters will be defined for this analysis, such as tooth–tip dimension, module dimension and module displacement.



The paper is organized as follows. In Section 2, the topology and five selected variables to be subjected to analysis are described. In Section 3, the five different parameters subjected to tolerance are evaluated, considering a single module of a 24-slot 28-pole TCW-MPMSM, by means of bidimensional (2-D) FE simulations. In Section 4, a comprehensive analysis of combinations of dimensional and assembly tolerances is carried out on all the modules of a 24-slot 28-pole machine, by means of a novel semi-analytical method based on superposition techniques. The proposed method makes the full-range evaluation process feasible, significantly decreasing the computation burden and showing excellent accuracy when compared with finite element analysis (FEA). Finally, Section 5 presents the conclusions and future research possibilities.




2. Topology and Variables Subjected to Analysis


In order to maximize the flux linkage in a TCW-PMSM with a modular stator, it is recommended to choose the number of slots (Qs) close to the number of poles (2p) [7]. Typical configurations can be determined by


   Q s  = 2 p ± d ,  



(1)




where d is an integer equal to    Q s   /6 [7]. In this section, a 24-slot 28-pole outer-rotor machine is analyzed, which was previously optimized with focus on the full-load electromagnetic torque mean value [10]. Tooth tips are included to increase the flux linkage and, consequently, to enlarge the back electromotive force (back-EMF) and the electromagnetic torque. For the 24-slot 28-pole machine,    Q s  < 2 p   holds. For topologies satisfying this condition, the airgap between the modules increases the average torque [12] and, therefore, tooth tips should point towards the slot (towards the module symmetry axis) and not towards the flux gaps between modules. Main design parameters of the machine are schematized in Figure 3 and grouped in Table 1.



Displacement and dimensional tolerances of modular components (e.g., PMs), as well as tooth–tip tolerances, impact on the performance of conventional PMSMs [14,15]. In TCW-MPMSMs, fins and matches are designed in the mounting frame to assemble modular segments [6]. Both the manufacturing of these elements and the assembly process may be subjected to tolerances and, therefore, stator segment defects could affect the TCW-MPMSM cogging torque. Hence, the parameters subjected to tolerance analysis in this paper have tolerances associated with modularity: angular displacement of the modules ( α M) and radial displacement of the modules ( r M); and more commonly found tolerances in conventional PMSMs: the tooth–tip width (btt), tooth–tip height (htt) and tooth width (bt). These dimensional tolerances (Δ) are shown in Figure 4.



Given the novelty of TCW-MPMSM, clear tolerance values for their manufacturing do not exist so far. Hence, in this paper the lowest dimensional tolerance considered is 0.1 mm, typical of laser cutting machining [24], and the highest is 1.5 mm (15 times the typical tolerance value).




3. Results of Tolerance Analysis on a Single Module of TCW-MPMSM


Tolerance analysis is performed on a 24-slot 28-pole TCW-MPMSM, considering the design parameters shown in Table 1, and results that were presented in a previous conference publication [10]: a tooth–tip width of 6 mm and pole-to-arc ratio of 0.9 should be adopted in the machine. These values maximize the machine’s output torque.



The impact of the angular displacement of the modules on the performance of the selected machine is analyzed by introducing an offset angle Δ α M in a single module. Specifically, four offset angles are evaluated: 0.05°, 0.25°, 0.5° and 0.75°, which translate into tangential displacements of the modules of 0.1, 0.5, 1.0 and 1.5 mm, respectively (one, five, ten and fifteen times the typical tolerance found in laser cutting, respectively). The comparison of the cogging torque obtained when these tolerances are adopted versus the nominal case (Δ α M = 0) is shown in Figure 5 for the 24-slot 28-pole machine, considering both (a) the waveform and (b) the spectrum.



From Figure 5a, it is possible to appreciate that the angular displacement of a single module significatively affects the cogging torque amplitude and waveform, whilst from the spectrum analysis shown in Figure 5b it is observed that the angular displacement of a single module also affects the period of the cogging torque, which is in agreement with results found in [25].



The order of each non-zero harmonic, regarding a mechanical rotor rotation, is a multiple of the pole numbers. This occurs since the period of the cogging torque depends on the periodicity of rotor and stator: a certain number of identical portions into which each structure can be subdivided. The native harmonic components (NHC) of cogging torque are defined as [25]:


   N  N H C , k   = k · lcm  (   t s  ,  t p   )  ,  



(2)




where lcm is the least common multiple between the periodicity of the stator (ts) and the periodicity of the rotor (tp), and k is an integer number (k = 1, 2, 3…∞). For the nominal case, ts = Qs/2 and tp = 2p. However, when a single module is shifted from its symmetry position, the stator periodicity is lost and therefore ts = 1 and tr = 2p. The fundamental harmonic order is obtained with k = 1, thus,    N  N H C , 1     = 28 for the selected 28-pole machine.



From Figure 5, it can be noted that the increment of the cogging torque is approximately linear with respect to the angular displacement. This is further analyzed in Figure 6, which shows, for different tolerance values, the cogging torque increment of faulty cases when compared with the nominal case. The torque increment for negative angular displacement is the same as found for positive displacement, given the symmetry of the fault.



The impact of the radial displacement of modules on the machine performance is analyzed by introducing an offset Δ r M in a single module. The variation of the cogging torque due to this tolerance is shown in Figure 7a for positive deviations (0.1, 0.5, 1.0 and 1.5 mm), and in Figure 7b for negative deviations (−0.1, −0.5, −1.0 and −1.5 mm).



It can be seen, for both cases (negative and positive deviations), that the cogging torque increases and the waveform is altered, but to a lesser extent than the previous case (angular displacement). Moreover, both positive and negative deviations seem to increase the cogging torque to a similar extent. This can be seen through the numerical increase of cogging torque peak-to-peak value of faulty scenarios when compared with the nominal value, as shown in Figure 8.



On the other hand, Figure 9a–c shows the difference between the cogging torque peak-to-peak values between faulty cases and the nominal case for the tooth–tip length tolerance, tooth–tip height tolerance and tooth width tolerance, respectively.



From Figure 9a, it can be noted that tooth–tip width tolerance increases the cogging torque to a lesser extent than the angular displacement of the modules, similar to the tolerance changes for the radial displacement. This torque increment is significant, and it should be further analyzed.



From Figure 9b, it can be seen that tooth width tolerance has a minor impact in terms of additional cogging torque when compared to the other parameters, therefore it is not considered relevant enough to be subjected to further analysis. In addition, in Figure 9c, it is appreciated that positive deviations of the tooth–tip height practically do not affect the cogging torque peak-to-peak value, while negative deviations show a small cogging–torque increase. This can be explained by analyzing the dimensions of the tooth tips: when the height decreases, the tooth–tip ferromagnetic material operates in saturation, which translates into a shorter equivalent tooth–tip accordingly, as relative permeability decreases. For instance, when 15 times the typical tolerance is considered (negative deviation), the tooth–tip height changes from 2.0 to 0.5 mm, thereby drastically increasing the saturation of the tooth–tip and decreasing the equivalent width of the tooth–tip. Thus, cogging torque increases in agreement with the behavior found in Figure 7.



It is therefore recommended, in the design stage of these machines, to include saturation into the tolerance analysis when tooth–tip height is evaluated, since deviation values with similar magnitude order to the tooth–tip height can generate a significant increment in the cogging torque.



In summary, three of the five presented and studied parameters significantly affect the cogging torque peak-to-peak value: angular displacement of the modules (Figure 6), radial displacement of the modules (Figure 8), and the tooth–tip width (Figure 9a).




4. Full-Range Tolerance Analysis and Robustness Evaluation of TCW-MPMSM


When a constructive parameter of the modules of TCW-MPMSMs is subjected to tolerance analysis, more than a single module should be taken into account to obtain comprehensive conclusions. In a real manufacturing process, multiple modules can exhibit failures (and combinations of them) and therefore a deeper analysis is required. For a single parameter subjected to analysis, when n failures are considered in addition to the faultless condition, a total of   n + 1   possible combinations in a single module must be studied. This holds true for a discrete tolerance analysis. For instance, considering the lowest dimensional tolerance for the angular displacement, each module can be either centered (faultless), displaced 0.05° clockwise or displaced 0.05° counter-clockwise regarding its axis of symmetry, which sums up three combinations to be evaluated and two possible failures (  n = 2  ) for each stator segment.



For the topology under analysis, which has Qs/2 modules, the number of possible combinations which require to be evaluated is:


   n  eval   =    (  n + 1  )     Q s  / 2    



(3)







Hence, to analyze a single dimensional tolerance (e.g., angular displacement of modules) regarding all modules of the selected 24-slot machine, the model must be evaluated roughly 4000 times in presence of one failure per module (n = 1) and 500,000 times in case of two failures per module (n = 2), which is infeasible by means of FE simulations only.



Therefore, in order to analyze the effect of all the possible combinations of faulty modules over TCW-MPMSMs in a short frame time, a method based on the superposition techniques stated in [23,26] is proposed. These techniques are used to reconstruct the cogging torque waveform considering the contribution of a single pole-pair (in some cases, even a single magnet or a single slot).



4.1. Superposition Method


For TCW-MPMSMs with the number of slots given by (1), modules are ideally magnetically decoupled from each other, as depicted in Figure 10, which shows the no-load flux lines of a 24-slot 28-pole machine.



A negligible number of magnetic field lines link two or more modules, while most of the lines close the magnetic circuit through a single module. Hence, the overall cogging torque can be synthesized considering the contribution of each stator module separately. In such case, a FE simulation of the machine with only one active module should be carried out, as shown in Figure 11. The contributions of the other modules can be obtained from the cogging torque of the active module and introduction of an appropriate offset angle.



Considering a reference frame in which the first magnet is aligned with the first stator segment, as shown in Figure 11, the second magnet will be shifted by 360/(2p) degrees with respect to the first one, and the second stator segment will be shifted by 360/(Qs/2) with respect to the first module. Therefore, the second magnet will be misaligned with respect to the pertinent module by 360/(Qs/2) − 360/(2p). Following a similar analysis, the general expression for the angular displacement (in mechanical degrees) of the cogging torque produced by the i-th module is given by


   α i  = 360 · i ·  (   2   Q s    −  1  2 p    )   



(4)







The overall cogging torque can be obtained by summing up the shifted waveforms of each module.



Different tolerances can be included in this superposition method. For instance, if angular displacement needs to be evaluated, the offset angle for the cogging torque waveform of each module is required to be adjusted, following the pertinent displacement tolerance. The general algorithm of the superposition method is described in the flowchart shown in Figure 12, which allows semi-analytical estimation of the cogging torque waveform for faultless and faulty machines.



In order to validate the proposed superposition method, eighteen faulty scenarios are defined. These scenarios allow evaluating the cogging torque when angular displacements, radial displacements, and tooth–tip width deviations are applied to the modules separately. For example, the first six scenarios evaluate the angular displacement of the modules, while neglecting the other tolerances (radial displacement and tooth–tip width deviation), and the same principle is applied for every six scenarios. Also, the scenarios evaluate the presence of faults in one, three and seven modules of the machine following the same fault pattern.



Table 2 groups the main data of the validation scenarios, including the tolerance put through validation, the degree of tolerance and the modules affected by faults. The comparison of the cogging torque between FEA and the superposition method, for a 24-slot 28-pole machine is presented in Figure 13, considering the aforementioned scenarios.



It can be observed that in all 18 cases, the results provided by the different methods show good correspondence, even though the changes are large from scenario to scenario, hence proving the accuracy of the proposed method.




4.2. Results and Robustness Analysis


Aiming to evaluate the robustness of the selected topology, a full-range tolerance analysis considering two failures for each tolerance (  n = 2  ) is carried out by means of the superposition method presented in the previous subsection. The cases of study cover four different tooth–tip faultless/nominal widths (from 0 to 6 mm) and two magnet-to-pole arc faultless/nominal values from 0.8 to 0.9, summing up eight designs to be analyzed, as shown in Table 3.



In Section 3, angular and radial displacements of the modules, as well as the tooth–tip width tolerance, developed the most significant impacts on the cogging torque. Therefore, upon each of the eight designs, tolerance degrees of 0.05° and 0.10° will be considered for the angular displacement, and tolerance degrees of 0.1 and 0.2 mm will be applied both to the radial position and tooth–tip width of the modules.



A tolerance degree of Δ means that each module can have positive deviation (Δ), null deviation (0) or negative deviation (−Δ). E.g., a tooth–tip width subjected to a degree of tolerance of 0.1 mm means each one of the 12 modules of the machine (for a 24-slot 28-pole machine) can have tooth tips of width    b  tt   + 0.1   mm  ,    b  tt     or    b  tt   − 0.1   mm  , where    b  tt     is the faultless tooth–tip width.



To improve the visualization of the large amount of data obtained from this methodology, a statistical overview of the results is presented. A probability density distribution of the normalized peak-to-peak value of the cogging torque (    T ˜   cpp    ) of each design, when all tolerance combinations are considered, is derived.     T ˜   cpp     is given by


    T ˜   cpp   =    T  cpp      T m    ,  



(5)




where    T m    is the mean value of the full-load electromagnetic torques of the design, which depends, among other parameters, on the tooth–tip width and the magnet pole-arc ratio [10].    T m   , for a TCW-MPMSM, can be approximated by using the no-load flux density distribution in the airgap of the machine and the linear current density [27], as:


   T m  = −  D 2    ∫  0  2 π    B  go    ( θ )   A s   ( θ )    D  L  ef    2  d θ ,  



(6)




where  D  is the stator outer diameter;    B  go    ( θ )    is the no-load flux density distribution in the airgap [10],    A s   ( θ )    is the linear current density along the perimeter of the stator, which depends on the number of turns, the winding factor and other parameters; and    L  ef     is the effective core length.



Table 3 summarizes the mean value of the electromagnetic torque obtained with (6) for the eight designs analyzed.



After obtaining the probability density distribution of a design, two     T ˜   cpp     values are highlighted: the faultless/ideal case, and the expected value (probabilistic median of all tolerance cases).



In Figure 14, the probability distribution of     T ˜   cpp     of the four designs with    α  PM   = 0.8   (Design #1 to #4) are shown. Figure 14a shows the distribution when a tolerance degree of 0.05° is considered for the angular displacement of modules, whilst Figure 14b shows the distribution when the tolerance degree is 0.10°. Overall computation time for obtaining the results shown in Figure 14 was approximately 3 h, considering five FE simulations of one-magnet machine, following the procedure explained in the previous subsection, and carrying out the post-processing by means of the proposed superposition method. As roughly 1 million combinations were evaluated, carrying out this analysis entirely through FEA would be impractical to perform, as each simulation lasts 30 min until completion on a 6-core 12-thread processor.



From Figure 14, it can be noted that the     T ˜   cpp     density distributions (shown as groups of colored bars) substantially change for different values of tooth–tip width    b  tt    . More importantly, angular displacement of the modules causes     T ˜   cpp     to be higher than the nominal value, in agreement with the behavior shown in Figure 5.



The expected     T ˜   cpp     value, which is the probabilistic median of the results obtained for all possible faulty combinations, is also higher than the nominal one for the four designs. When the tolerance degree doubles, as depicted in Figure 14b when compared with Figure 14a, similar conclusions can be drawn: the expected cogging torque is higher than the nominal/faultless for all cases with    α  PM   = 0.8  . As the tolerance degree increases (from 0.05° to 0.10°), the difference between the expected and the nominal values also increases.



On the other hand, Figure 15 shows the probability distribution of     T ˜   cpp     of the four designs with    α  PM   = 0.9   (Designs #5 to #8), evaluating two degrees of tolerances: 0.05° for the angular displacement of the modules in Figure 15a, and 0.10° in Figure 15b. From both figures it can be noted that, unlike the previous designs with    α  PM   = 0.8  , adopting 2 mm wide tooth–tips develops the worst nominal cogging torque among all designs with    α  PM   = 0.9  . Notice that the expected     T ˜   cpp     value (highlighted as a vertical red line) is higher than the nominal one (highlighted as a vertical green line) for the four designs, irrespective of the selected degree of tolerance.



With the aim of quantifying this behavior and describing the robustness of the eight designs, a robustness error (  e r  r r   ) is defined as


  e r  r r  =     T ˜    cpp  expected     −   T ˜    cpp  nominal         T ˜    cpp  nominal       =   Δ   T ˜   cpp       T ˜    cpp  nominal       .  



(7)







Table 4 summarizes the main results of the evaluation of the eight designs, when a tolerance degree of 0.05° is applied to the module angular position. These results take into account the nominal and expected values of     T ˜   cpp    , the difference between nominal and expected (  Δ   T ˜   cpp    ), and the robustness error (  e r  r r   ). Table 5 groups the results when a tolerance degree of 0.10° is evaluated.



From both tables, it can be noted that   Δ   T ˜   cpp     is always positive, and its value is similar for the eight designs when a certain degree of tolerance is considered. This means that   Δ   T ˜   cpp     can be considered as independent of the tooth–tip width as well as being independent of changes to the arc-to-pole ratio changes (e.g., in Table 4   Δ   T ˜   cpp   ≅ 0.7 %   for all eight cases).



When the degree of tolerance doubles (from Table 4 to Table 5),   Δ   T ˜   cpp     approximately doubles. This can be seen from Design #1 (Δ   α  PM     = 0.8 and    b  tt     = 0 mm) results:   Δ   T ˜   cpp     is 0.8% in Table 4 (a tolerance degree of 0.05°), whereas   Δ   T ˜   cpp     is 1.6% in Table 5 (a tolerance degree of 0.10°). Therefore, it can be stated that   Δ   T ˜   cpp     mainly depends on the considered tolerance degree, while the nominal tooth–tip width and the pole-to-arc ratio show negligible influence. Furthermore, even when there are large differences between the nominal cogging torque of the designs, i.e., when different tooth–tips and pole-to-arc ratios are adopted, the variation of the cogging   Δ   T ˜   cpp     due to mechanical tolerances is relatively constant for all the designs, when the same tolerance degree is considered.



On the other hand, in Table 6, the main results of the evaluation of the eight designs, for a tolerance degree of 0.1 mm over the radial displacement, are summarized, while Table 7 groups those results for a tolerance degree of 0.2 mm over the radial displacement.



Table 8, in turn, groups relevant results of the evaluation of the eight designs, when a tolerance degree of 0.1 mm over the tooth–tip width is considered, are summarized. Table 9 presents the results when a tolerance degree of 0.2 mm is evaluated.



Similar conclusions can be obtained from these four tables (Table 6, Table 7, Table 8 and Table 9) when compared to Table 4 and Table 5: the impact of radial displacement and tooth–tip width tolerances on the cogging torque of the machine is approximately independent of the nominal tooth–tip width and pole-to-arc ratio, and the difference between the expected and the nominal   Δ   T ˜   cpp     mainly depends on the degree of tolerance evaluated.



However, it can be noted that tooth–tip width tolerances are not as relevant as angular displacement or radial displacement of the stator segments on modular machines. This can be seen, for example, by analyzing Design #8: angular displacement tolerances cause a robustness error of 16% and radial tolerances cause an error of 14%, whereas tooth–tip width tolerances generate a 5% error.



These findings further determine the value of the robustness error of each design: In (7), the numerator (  Δ   T ˜   cpp    ) of the expression has been found to be relatively constant for a certain tolerance degree. Then,   e r  r r    can be taken as inversely proportional to the nominal cogging torque peak-to-peak value. This can be explained by separating the cogging torque “sources”. One “source” is the geometry of the design and the slot–pole count: the faultless machine generating the rated cogging torque, and the asymmetries/tolerances are another “source”, generating   Δ   T ˜   cpp    . Therefore, minimizing the first source, i.e., the nominal cogging torque, will then lead to a higher relative cogging increment due to tolerances and a higher robustness error.



From the analysis, it can be concluded that, for lower cogging torque requirements, it will be necessary to have tighter tolerances, as lower nominal cogging torque designs exhibit lower robustness. This can be seen by analyzing the results of Design #5, which has the lowest nominal cogging–torque peak-to-peak value among the eight selected designs. However,   e r  r r    for this design is 88% (the highest among all the designs), which means that the expected     T ˜   cpp    , once typical mechanical tolerances are considered, will be 88% higher (almost twice) than the original value. The optimization process of a machine, in its dimensioning stage, must be carried out carefully to integrate these properties if the goal is low cogging torque.





5. Conclusions


In this paper, the impact of dimensional and positioning tolerances on the cogging torque of a 24-slot 28-pole TCW-PMSM with a modular stator core has been analyzed. The parameters subjected to tolerance analysis were the angular and radial displacement of the stator modules, tooth–tip width, tooth–tip height, and tooth width. Using 2-D FE simulations over a single module of the machine, typical tolerance values were analyzed considering dimensional limits from 0.1 mm (tight tolerance) to 1.5 mm (loose tolerance). For all cases, the peak-to-peak value of the cogging torque linearly increases with the increment of the tolerance value. Furthermore, it was found that angular and radial displacement of the stator modules, and tooth–tip width (key parameters) have the most relevant impact on the peak-to-peak value of the cogging torque, whereas tooth width and tooth–tip height do not have a significant effect.



A superposition method was proposed to perform a full-range tolerance analysis considering all possible combinations of the three key parameters of the 24-slot 28-pole TCW-MPMSM. The proposed method was validated through several FE simulations of tolerance scenarios, showing good accuracy and significantly lower computation burden compared with a full-range FE-based analysis. From the results, it can be concluded that the increase in the cogging torque peak-to-peak value (having a faultless machine as the reference) is independent of the faultless tooth–tip width and the pole-to-arc ratio and only depends on the tolerance degree, defined as the absolute value of the possible deviations applied to the modules of the machine, as described in Section 4.1. In consequence, the robustness of the TCW-MPMSM, regarding cogging torque generation, is mostly dependent on the maximum degree of tolerance the manufacturing process handles, and it further is proportional to the peak-to-peak value of the cogging torque of the faultless design. In applications where TCW-MPSMs with reduced torque ripple are required, tight tolerances must be adopted for the design to be robust in the face of manufacturing imperfections.



The next step, which is out of the scope of this paper, is to scale the applicability of the superposition method, in order to consider combinations of different types of tolerances, hence providing a general overview of the impact of all relevant tolerances over the performance of TCW-MPMSMs.
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Figure 1. The schematic of a permanent magnet synchronous machine (PMSM) with a modular stator and a surface-mounted permanent magnet (PM) external rotor. 
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Figure 2. A trivial example for illustrating an optimal versus a robust solution based on a single parameter decision. 






Figure 2. A trivial example for illustrating an optimal versus a robust solution based on a single parameter decision.



[image: Electronics 09 01594 g002]







[image: Electronics 09 01594 g003 550] 





Figure 3. The schematic of a section of the machine; tooth tips point towards the slot as Qs < p. 
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Figure 4. Selected constructive parameters subjected to tolerance analysis. 
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Figure 5. A comparison of the cogging torque of a 24-slot 28-pole TCW-MPMSM with Δ α PM = 0.9 and btt = 6 mm, considering Δ α M = 0 (symmetrical), Δ α M = 0.05°, Δ α M = 0.25°, Δ α M = 0.50° and Δ α M = 0.75°: (a) the waveform and (b) the frequency spectrum. 
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Figure 6. The variation of the cogging torque in cases with different   Δ  α M    in a single module. 
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Figure 7. A comparison of the cogging torque of a 24-slot 28-pole TCW-MPMSM with Δ α PM = 0.9 and btt = 6 mm, considering Δ r M = 0 (symmetrical), Δ r M = ±0.1 mm, Δ r M = ±0.5 mm, Δ r M = ±1.0 mm, and Δ r M = ±1.5 mm: (a) positive deviations and (b) negative deviations. 






Figure 7. A comparison of the cogging torque of a 24-slot 28-pole TCW-MPMSM with Δ α PM = 0.9 and btt = 6 mm, considering Δ r M = 0 (symmetrical), Δ r M = ±0.1 mm, Δ r M = ±0.5 mm, Δ r M = ±1.0 mm, and Δ r M = ±1.5 mm: (a) positive deviations and (b) negative deviations.



[image: Electronics 09 01594 g007]







[image: Electronics 09 01594 g008 550] 





Figure 8. The variation of cogging torque in cases with different   Δ  α M    in a single module. 
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Figure 9. The variation of cogging torque of cases with: (a) different values of   Δ  b  tt     over a single module, (b) different values of   Δ  h  tt     over a single module, and (c) different values of   Δ  b t    over a single module. 
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Figure 10. The no-load flux lines of a 24-slot 28-pole TCW-MPMSM. Practically no flux lines completely cross the gap between the modules. 
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Figure 11. A single active module is considered to compute the individual cogging torque through finite element (FE) simulations. 
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Figure 12. The flowchart of the proposed algorithm to derive the cogging torque in faulty machines. Results for positive ( Δ ), null (0) and negative (− Δ  ) tolerance over one module are obtained by means of finite element analysis (FEA). The i-th module cogging waveform will be one of the three simulated ones, but shifted by    α i    degrees. 
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Figure 13. A comparison of the overall cogging torque between FEA and the superposition method, considering the 18 scenarios described in Table 2. 
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Figure 14. A comparison of the cogging torque probability distributions of a 24-slot 28-pole TCW-MPMSM for different tooth–tip widths, with    α  PM     = 0.8, considering two degrees of tolerance: (a) Δ α M = 0.05° and (b) Δ α M = 0.10°. 
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Figure 15. A comparison of the cogging torque probability distributions of a 24-slot 28-pole TCW-MPMSM for different tooth–tip widths, where    α  PM     = 0.9, considering two degrees of tolerance: (a) Δ α M = 0.05° and (b) Δ α M = 0.10°. 
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Table 1. Main data of the selected machine.
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	Symbol
	Quantity
	Value
	Unit





	    l  ef     
	Effective core length
	70
	mm



	    r  se     
	Stator outer radius
	133
	mm



	    δ g    
	Air-gap length
	2
	mm



	    h s    
	Slot height
	21
	mm



	    b s    
	Slot width
	24.8
	mm



	    h  ys     
	Height of the stator yoke
	10.8
	mm



	    h  yr     
	Height of the rotor yoke
	12
	mm



	    h  t t     
	Height of the tooth–tip
	2
	mm



	    h  pm     
	PM height
	5
	mm



	    B r    
	PM remanence
	1.1
	T



	    μ r    
	Relative recoil permeability
	1.041
	-



	  N  
	Turns per phase
	1088
	-
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Table 2. Validation scenarios.






Table 2. Validation scenarios.





	

	

	
# of Module (See Figure 10) and Applied Tolerance




	
# of Scenario

	
Tolerance

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
1

	
   |  Δ  α M   |    = 0.05°

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
   |  Δ  α M   |    = 0.10°

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
3

	
   |  Δ  α M   |    = 0.05°

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
4

	
   |  Δ  α M   |    = 0.10°

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
5

	
   |  Δ  α M   |    = 0.05°

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0




	
6

	
   |  Δ  α M   |    = 0.10°

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0




	
7

	
   |  Δ  r M   |    = 0.1 mm

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
8

	
   |  Δ  r M   |    = 0.2 mm

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
9

	
   |  Δ  r M   |    = 0.1 mm

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
10

	
   |  Δ  r M   |    = 0.2 mm

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
11

	
   |  Δ  r M   |    = 0.1 mm

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0




	
12

	
   |  Δ  r M   |    = 0.2 mm

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0




	
13

	
   |  Δ  b  tt    |    = 0.1 mm

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
14

	
   |  Δ  b  tt    |    = 0.2 mm

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
15

	
   |  Δ  b  tt    |    = 0.1 mm

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
16

	
   |  Δ  b  tt    |    = 0.2 mm

	
+

	
−

	
+

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
17

	
   |  Δ  b  tt    |    = 0.1 mm

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0




	
18

	
   |  Δ  b  tt    |    = 0.2 mm

	
+

	
0

	
+

	
−

	
0

	
0

	
−

	
+

	
−

	
0

	
+

	
0
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Table 3. The mean value of the full-load electromagnetic torque, for all eight designs subjected to a full-range tolerance analysis.
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     b   tt    ( mm )    

	
0

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
Design #1

	
Design #2

	
Design #3

	
Design #4




	
141.1 Nm

	
145.2 Nm

	
152.1 Nm

	
162.9 Nm




	
0.9

	
Design #5

	
Design #6

	
Design #7

	
Design #8




	
143.5 Nm

	
147.4 Nm

	
156.3 Nm

	
167.1 Nm
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Table 4. The nominal and expected     T ˜   cpp     for all designs, when   Δ  α M    = 0.05°.
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     b   tt    ( mm )    

	
0

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
Nominal

	
2.8%

	
7.3%

	
10.4%

	
4.5%




	
Expected

	
3.6%

	
8.0%

	
11.2%

	
5.2%




	
   Δ   T ˜   cpp     

	
0.8%

	
0.7%

	
0.8%

	
0.7%




	
   e r  r r    

	
29%

	
10%

	
8%

	
16%




	
0.9

	
Nominal

	
1.6%

	
16.0%

	
11.1%

	
4.3%




	
Expected

	
2.3%

	
16.7%

	
11.7%

	
5.0%




	
   Δ   T ˜   cpp     

	
0.7%

	
0.7%

	
0.6%

	
0.7%




	
   e r  r r    

	
44%

	
5%

	
6%

	
16%
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Table 5. The nominal and expected     T ˜   cpp     for all designs, when   Δ  α M    = 0.10°.
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     b   tt    ( mm )    

	
0

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
Nominal

	
2.8%

	
7.3%

	
10.4%

	
4.5%




	
Expected

	
4.4%

	
8.7%

	
12.1%

	
6.0%




	
   Δ   T ˜   cpp     

	
1.6%

	
1.4%

	
1.7%

	
1.5%




	
   e r  r r    

	
57%

	
19%

	
16%

	
33%




	
0.9

	
Nominal

	
1.6%

	
16.0%

	
11.1%

	
4.3%




	
Expected

	
3.0%

	
17.5%

	
12.4%

	
5.7%




	
   Δ   T ˜   cpp     

	
1.4%

	
1.5%

	
1.3%

	
1.4%




	
   e r  r r    

	
88%

	
9%

	
12%

	
33%
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Table 6. The cogging increase for all the designs, when   Δ  r M    = 0.1 mm.
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     b   tt    ( mm )    

	
0

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
   Δ   T ˜   cpp     

	
0.8%

	
0.8%

	
0.7%

	
0.7%




	
   e r  r r    

	
29%

	
11%

	
7%

	
16%




	
0.9

	
   Δ   T ˜   cpp     

	
0.7%

	
0.6%

	
0.7%

	
0.6%




	
   e r  r r    

	
44%

	
4%

	
6%

	
14%
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Table 7. The cogging increase for all the designs, when   Δ  r M    = 0.2 mm.
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     b   tt    ( mm )    

	
0

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
   Δ   T ˜   cpp     

	
1.7%

	
1.6%

	
1.5%

	
1.5%




	
   e r  r r    

	
61%

	
22%

	
14%

	
33%




	
0.9

	
   Δ   T ˜   cpp     

	
1.5%

	
1.3%

	
1.4%

	
1.2%




	
   e r  r r    

	
94%

	
8%

	
13%

	
28%
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Table 8. The cogging increase for all the designs, when   Δ  b  tt     = 0.1 mm.
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     b   tt    ( mm )    

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
   Δ   T ˜   cpp     

	
0.4%

	
0.3%

	
0.3%




	
   e r  r r    

	
6%

	
3%

	
7%




	
0.9

	
   Δ   T ˜   cpp     

	
0.3%

	
0.3%

	
0.2%




	
   e r  r r    

	
2%

	
3%

	
5%
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Table 9. The cogging increase for all the designs, when   Δ  b  tt     = 0.2 mm.
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     b   tt    ( mm )    

	
2

	
4

	
6




	
     α   PM     ( − )     

	






	
0.8

	
   Δ   T ˜   cpp     

	
0.7%

	
0.6%

	
0.6%




	
   e r  r r    

	
10%

	
6%

	
13%




	
0.9

	
   Δ   T ˜   cpp     

	
0.6%

	
0.6%

	
0.4%




	
   e r  r r    

	
4%

	
5%

	
9%
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