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Abstract:



This paper studies the feasibility of using synchronous reluctance machines (SynRM) for low speed–high torque applications. The challenge lies in obtaining low torque ripple values, high power factor, and, especially, high torque density values, comparable to those of permanent magnet synchronous machines (PMSMs), but without resorting to use permanent magnets. A design and calculation procedure based on multistatic finite element analysis is developed and experimentally validated via a 200 Nm, 160 rpm prototype SynRM. After that, machine designs with different rotor pole and stator slot number combinations are studied, together with different winding types: integral-slot distributed-windings (ISDW), fractional-slot distributed-windings (FSDW) and fractional-slot concentrated-windings (FSCW). Some design criteria for low-speed SynRM are drawn from the results of the study. Finally, a performance comparison between a PMSM and a SynRM is performed for the same application and the conclusions of the study are summarized.
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1. Introduction


Permanent magnet synchronous machines (PMSM) are the most widely used machines for low speed–high torque applications. They have the advantage of having a high torque density capability, at the expense of needing large amounts of rare-earth permanent magnets, whose price represents a high percentage of the total cost of the machine.



However, the sudden rise of the price of rare-earth magnets that took place at the beginning of the decade greatly increased the cost of PMSMs. Thus, the interest in other technologies has increased. Among them, the synchronous reluctance machine (SynRM) arises as a good alternative.



Many studies have shown that SynRMs offer several advantages compared to induction machines (IM), such as a higher efficiency and torque density, lower rotor temperature and, potentially, lower price [1,2,3,4]. Some advantages compared to PMSMs are also mentioned: no rotor temperature restriction, better fault-tolerant behavior and lower price [2,5,6,7]. In some applications, SynRMs have been deemed a viable alternative for IMs and even for PMSMs, e.g., in traction or industrial applications [2,3,4,8].



Replacing PMSMs by SynRMs in low speed–high torque applications is especially interesting and challenging. Moreover, using high pole number or FSCWs are common design strategies on PMSMs for these applications, but they are not for SynRMs. Only a few examples for SynRMs can be found in the bibliography [9,10,11,12,13,14,15], but they have not been investigated together, or have evaluated different winding types for a specific application.



Consequently, the objective of this paper is to study the feasibility of SynRMs for low speed applications. For that purpose, firstly a procedure for designing SynRMs is developed and validated by the manufacture and testing of a 200 Nm 160 rpm prototype. Following this procedure, several machines are designed and analyzed to find the optimal pole number and stator slot combinations, together with evaluations of various winding types: fractional-slot concentrated-winding (FSCW), fractional-slot distributed-winding (FSDW) and integral-slot distributed-winding (ISDW).



This paper is organized as follows: first the developed design and calculation procedure is presented in Section 2 and validated in Section 3; in Section 4, the machine specifications and the limits of the study are explained; in Section 5, the results of the studied machines are deeply analyzed and some design criteria are obtained; in Section 6, a SynRM is designed based on the previously obtained design criteria and its performance is compared to that of a PMSM candidate for the same application. Finally, the main conclusions of the study are discussed in Section 7.




2. Design and Calculation Procedure


In this section, a procedure to obtain the full machine definition from the specifications is developed. Algebraic, finite element method (FEM) and automatic optimization methods are used for this. These are developed in a tool generated in MATLAB® that works together with the open source FEM software FEMM®.



Firstly, the winding configuration is defined. The winding type (ISDW, FSDW or FSCW), the pole pair number (p), the stator slot number (Qs), the slot layer number (nl,w,s) and the short pitching (τa) are chosen by the designer. Some winding configuration examples are shown in Figure 1 for a two-pole pair machine, with different winding types, and thus a different number of slots and winding layers.


Figure 1. Different examples of four pole machine winding configurations (a) integral-slot distributed-winding (ISDW) (p = 2, Qs = 12, nl,w,s = 1); (b) ISDW (p = 2, Qs = 24, nl,w,s = 1); (c) ISDW (p = 2, Qs = 24, nl,w,s = 2, τa = 1); (d) fractional-slot distributed-winding FSDW (p = 2, Qs = 18, nl,w,s = 2); (e) fractional-slot concentrated-winding FSCW (p = 2, Qs = 6, nl,w,s = 1); (f) FSCW (p = 2, Qs = 6, nl,w,s = 2).
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Then, the main machine dimensions are calculated based on the sizing Equations (1) and (2) [16]. Air-gap volume (Vagap) and stator current (I) are calculated for a given torque (Mem,ref), speed (ω) and voltage specifications (Un,ref), and other parameters that are imposed based on the designer’s criteria (e.g., electric loading, current density, etc.):
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(1)
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(2)




where kω,s1 is the first harmonic winding factor, Aref is the reference electric loading, Bagap,ref is the reference air-gap flux density, PFref the expected power factor and ηe,ref the expected efficiency.



Inner stator diameter and stack length are obtained from the air-gap volume. The needed slot section is calculated based on the stator current, the slot fill factor and the current density. The outer stator diameter and the slot dimensions are obtained from the slot section, so the stator is completely defined.



The considered rotor geometry is the one with elliptic-shaped barriers, all of them with the same width (see Figure 2), which has been proven to be a good solution [5,17,18]. αd represents the ratio between the iron arc in the d axes (the arc between the first barrier of two poles at the air-gap) and the polar arc at the air-gap. αq represents the ratio between the iron arc in the q axes (the arc between the two extremes on the last barrier of a pole at the air-gap) and the polar arc at the air-gap. βint refers to the ratio between the inner iron length in the center of the pole (the quadrature axis), and the total rotor height. βext refers to the ratio between the outer iron length in the center of the pole (the quadrature axis), and the total rotor height. γα indicates the portion of the barrier (air) arc for each barrier plus island (iron) arc at the air-gap. γβ indicates the portion of the barrier length for each barrier plus island length in the center of the pole.


Figure 2. Elliptic-shaped barrier rotor geometry.
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The rotor geometry is defined so the air/iron proportion in radial and circumferential directions is constant regardless of the number of poles. Table 1 shows the rotor geometric parameters’ values for the example pre-defined rotor.



Table 1. Pre-defined rotor geometric parameters.







	
Parameter

	
Value






	
αd

	
0.2




	
αq

	
0.2




	
βint

	
0.2




	
βext

	
0.2




	
γα

	
0.5




	
γβ

	
0.5




	
Number of barriers

	
4










With the winding configuration, stator geometry and a pre-defined rotor geometry, the first design of the machine is fully defined.



For the completely defined machine, full performance characteristics are calculated with multistatic FEM simulations, where the current angle is calculated by applying the maximum torque per ampere (MTPA) control strategy. The flux linkage and flux densities are obtained from these simulations, and the rest of the machine performance characteristics are calculated based on the SynRM vector diagram, Figure 3, and algebraic formulation, Equations (3)–(6) [19]:


Figure 3. Synchronous reluctance machine (SynRM) vector diagram [19].
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(5)
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(6)




where Ld and Lq the direct and quadrature inductances, θ is the current angle, em is the electromotive force, id and iq the direct and quadrature currents, ξ is the saliency ratio and Ploss is the value of the total machine losses.



The stator geometry is then modified to meet some reference flux density values. To do so, an iterative optimization process is used to obtain the slot dimensions and the stator outer diameter. The tooth width, the slot height and the yoke height are automatically modified and the machine performance characteristics are calculated in every iteration with the proposed calculation procedure. The final stator geometry is the one that minimizes the difference between target and calculated flux densities. Additionally, the stator phase current is calculated every iteration for the new slot area, the current density and the number of conductors. The number of iterations for a given specification should be between 20 and 25.



As an example of the results from this procedure, the results obtained for three different configurations of machine and the same specifications are shown in Figure 4 and Table 2.


Figure 4. Sample machine geometries (a) ISDW (p = 4, Qs = 24); (b) FSDW (p = 4, Qs = 36); (c) FSCW (p = 4, Qs = 12, nl,w,s = 2).
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Table 2. Sample machine characteristics.







	
Parameter Type

	
Parameter

	
Machine 1

	
Machine 2

	
Machine 3






	
Machine topology

	
Winding type

	
ISDW

	
FSDW

	
FSCW




	
Pole number

	
4

	
4

	
4




	
Slot number

	
24

	
36

	
12




	
Geometry

	
Slot depth

	
23.8 mm

	
24.2 mm

	
25.4 mm




	
Tooth width, parallel tooth

	
19.4 mm

	
13.4 mm

	
33.9 mm




	
Slot opening

	
3 mm

	
3 mm

	
22.5 mm




	
Copper slot fill factor

	
0.45

	
0.45

	
0.59




	
Rotor barrier number

	
4

	
4

	
4




	
Barrier geometry

	
αd = αq = βint = βext = 0.2; γα = γβ = 0.5




	
Rotor barrier bridges

	
0.8 mm

	
0.8 mm

	
0.8 mm




	
Machine performance

	
Stator teeth flux density

	
1.52 T

	
1.55 T

	
1.6 T




	
Stator yoke flux density

	
1.56 T

	
1.45 T

	
1.64 T




	
Maximum rotor barrier flux density

	
2.31 T

	
2.12 T

	
2.19 T




	
Current density

	
8 A/mm2

	
8 A/mm2

	
8 A/mm2




	
Ld

	
53.6 mH

	
44.9 mH

	
98.5 mH




	
Lq

	
16.8 mH

	
13.2 mH

	
39.7 mH




	
Saliency ratio (ξ)

	
3.19

	
3.39

	
2.48











3. Validation


A SynRM is designed, manufactured and tested in order to validate the procedure presented in Section 2. The specifications of the designed machine are based on a known PMSM for a hoisting application, shown in Table 3.



Table 3. Design specifications.







	
Parameter

	
Value






	
Rated torque (Nm)

	
200




	
Maximum voltage (V)

	
400




	
Maximum current (A)

	
20




	
Rated speed (rpm)

	
160










The main characteristics of the designed machine are listed in Table 4.



Table 4. Prototype SynRM characteristics.







	
Parameter

	
Value






	
Electrical characteristic




	
Rated torque (Nm)

	
200




	
Rated voltage (V)

	
335




	
Rated current (A)

	
14.6




	
Rated speed (rpm)

	
160




	
Geometric characteristics




	
Number of pole pairs

	
7




	
Number of stator slots

	
42




	
Stack length (mm)

	
150




	
Stator outer diameter (mm)

	
300




	
Stator inner diameter (mm)

	
215




	
Air gap length (mm)

	
0.8










For the manufactured prototype, the geometry of the rotor is optimized based on a multi objective differential evolution (MODE) approach [20,21,22,23,24] in order to maximize the mean torque and reduce the torque ripple, resulting in non-equal barriers, as can be observed in Figure 5, where the rotor lamination and the whole rotor of the prototype are shown.


Figure 5. (a) Prototype rotor lamination; (b) Prototype rotor.
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An experimental testing of the prototype machine is carried out, with the setup shown in Figure 6. The main performance characteristics obtained by the developed algebraic–magnetostatic FEM methods and test results are compared in the Table 5.


Figure 6. Experimental setup for a prototype SynRM.
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Table 5. Prototype results comparison.







	
Parameter

	
Matlab-FEMM

	
Experimental Test

	
Difference (%)






	
Electromagnetic torque (Nm)

	
200

	
200

	
0.0




	
RMS phase current (A)

	
14.1

	
13.6

	
3.7




	
RMS line voltage (V)

	
347

	
344

	
0.9




	
Apparent power (kVA)

	
8.48

	
8.12

	
4.4




	
Input power (kW)

	
4.82

	
4.46

	
8.1




	
Output power (kW)

	
3.35

	
3.35

	
0.0




	
Power factor

	
0.55

	
0.55

	
0.0




	
Efficiency

	
0.70

	
0.75

	
6.7










The difference between both calculation methods is lower than 10% in all of the cases, which proves that the results given by the developed calculation procedure are accurate.




4. Machine Specifications and Limits of the Study


The objective of the performed analysis is to find some pattern that relates the main performance characteristics with the pole number, stator slot number and the winding type. For this purpose, machine designs with different combinations are studied for the same specification.



The specifications and restrictions for which the machines are designed are based on the PMSM for a hoisting application mentioned in Section 3. These are shown in Table 6.



Table 6. Design specifications and restrictions.







	
Parameter

	
Value






	
Electrical Specifications




	
Rated speed (rpm)

	
160




	
Maximum voltage (V)

	
400




	
Maximum current (A)

	
20




	
Geometrical Restrictions




	
Stack length (mm)

	
125




	
Stator outer diameter (mm)

	
300




	
Stator inner diameter (mm)

	
215




	
Air-gap (mm)

	
1




	
Rotor inner diameter (mm)

	
85




	
Winding Restrictions




	
Fill factor, distributed winding

	
0.45




	
Copper slot fill factor, single layer concentrated winding

	
0.65




	
Copper slot fill factor, double layer concentrated winding

	
0.6




	
Current Density and Reference Flux-Densities




	
Current density (A/mm2)

	
8




	
Stator yoke peak flux density (T)

	
1.6




	
Stator teeth peak flux density (T)

	
1.6




	
Air-gap peak flux density (T)

	
0.85










The limits for the studied parameters are the following: pole pair numbers from 4 to 10 have been considered, because high pole number machines are typically used for low speed applications; the maximum stator slot number value has been set to 72, in order to avoid too short slot spans; different short pitching and winding layer values have been considered. Only winding layouts with winding factor values above 0.85 have been considered.



For the sake of focusing on machine parameters related to the winding design, no rotor optimization as for the prototype shown in Figure 6 is carried out for the machines designed and analyzed in this work, the rotor geometry being as defined by the values in Table 1. Rotor geometry optimization via a MODE or similar approach in order to maximize the mean torque and reduce the torque ripple or improve other machine performance metrics should be a necessary subsequent step after the analysis presented in this work.



Following the design procedure of the Section 2, 70 machines with all the possible combinations of the studied parameters have been designed.




5. Results Analysis and Design Criteria


In this section, the results of the 70 machine designs with the pre-defined rotor geometry are shown and analyzed. The main machine performance characteristics consist of mean torque (Mem), torque ripple (Mem,ripple), power factor (PF) and electromagnetic efficiency (ηe). Then, the causes of the obtained results are explained through studies on other parameters such as the saliency ratio (ξ) and the air-gap flux-density waveform (Bagap) among others.



5.1. Mean Torque


Figure 7 shows the dependency of mean torque (Mem) on the pole pair number and the winding type. Each dot in the graph represents the result of a single machine. Different winding types are plotted with different colors. Different dots with the same pole number and winding type correspond to the results of machines with different stator slot number, winding layer or short pitching values.


Figure 7. Mean electromagnetic torque (Mem) versus pole pair number (p) and winding type.
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As can be seen in Figure 7, the first conclusion is that, with the same volume, none of the SynRM designs meet the mean torque specification.



There is an influence of pole number on the mean torque: the lower the pole number, the greater the mean torque. Upon analyzing the influence of the winding type on the mean torque, it is found that the machines with the highest mean torque values for each pole number are obtained by FSCW machines. For the rest of the FSCW machines, the mean torque values are comparable to those obtained with FSDW and ISDW machines.



If the machines with FSCW are further analyzed, it can be observed that the combinations that lead to the highest mean torque values correspond to double layer slot windings (nl,w,s = 2) with 3 slots per pole pair (qs = 0.5), Figure 8a. The dots represent the mean torque results of all the FSCW machines. The obtained results for different slot layer numbers are plotted with different colors.


Figure 8. Mean electromagnetic torque (Mem) versus number of stator slots per pole and phase (qs) (a) and slot layer number (nl,w,s) for FSCW machines; (b) and pole pair number (p) for ISDW and FSDW machines.
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Among the machines with distributed winding (i.e., ISDW and FSDW), the highest mean torque values for the same pole number are obtained for one slot per pole and phase (qs = 1), Figure 8b.



Although the torque capability is related to the difference between direct and quadrature inductances (Ld − Lq) [1,2,8], the correlation between the studied variable (Ld − Lq) and the objective variable (Mem) for the studied machines is weak (Figure 9). The correlation is analyzed using the coefficient of determination, or R2 value, of the least squares regression. Linear or quadratic functions have been considered depending on the data series shape. R2 ranges from 0 to 1, being 0 no correlation and 1 perfect correlation.


Figure 9. Mean electromagnetic torque (Mem) versus the difference between direct and quadrature inductances (Ld − Lq).
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Another parameter related to the torque capability is the air-gap flux density (Bagap). Figure 10a,b shows the relation between the first harmonic of the air-gap flux density (Bagap1) and the mean torque for the machines with distributed and concentrated windings, respectively. For the distributed winding machines a strong correlation exists: higher first harmonic air-gap flux density values lead to higher mean torque values. The correlation is not clear for concentrated winding machines.


Figure 10. Mean electromagnetic torque (Mem) versus the first harmonic of the air-gap flux density (Bagap1) for (a) ISDW and FSDW machines; (b) FSCW machines.
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Going deeper into the torque capability study, another parameter related to the air-gap flux density is studied: the magnetomotive force (N·I), N being the number of series turns per phase. Figure 11a,b shows the relation between the magnetomotive force and the mean torque for the machines with distributed and concentrated windings, respectively. The R2 values for each pole pair data group are shown, from p = 4 to p = 10. Note that data series with one or two machines will always have R2 = 1 value.


Figure 11. Mean electromagnetic torque (Mem) versus the magnetomotive force (N·I) for (a) ISDW and FSDW machines; (b) FSCW machines.
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The relation between the mean torque and the magnetomotive force is more direct if the first harmonic winding factor (kω,s1) is taken into account. Figure 12a,b shows the relation between the mean torque and N·I·kω,s1 for the machines with distributed and concentrated windings respectively. The adjustment values show that there is a strong correlation for the distributed winding machines, but not in the case of concentrated winding machines.


Figure 12. Mean electromagnetic torque (Mem) versus the magnetomotive force multiplied by the first harmonic winding factor (N·I·kω,s1) for (a) ISDW and FSDW machines; (b) FSCW machines.
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The relation between the mean torque and the magnetomotive force is defined as the torque constant, kT = Mem/(N·I). Figure 11a and Figure 12a shows that the torque constant value is almost constant for the machines with distributed windings and the same pole number. Moreover, the higher the pole number, the lower the torque constant is. The Figure 13a plots the dependency of the torque constant (kτ) on the stator slot number per pole and phase, and the pole pair number for the distributed winding machines. Figure 13b plots the dependency of the torque constant divided by the first harmonic winding factor (kτ/kω,s1) on the same parameters. On the one hand, it can clearly be seen that the dependency on the pole number is high. On the other hand, the stator slot number per pole and phase has its influence: the higher the stator slot number, the lower the torque constant. Attending to Figure 13a, this effect can be explained by the influence of the winding factor. Nevertheless, Figure 13b shows that it is not the only factor explaining this trend. In any case, a low stator slot number is recommended beyond the effect of the winding factor.


Figure 13. (a) Torque constant (kT); (b) Torque constant divided by the first harmonic winding factor (kτ/kω,s1) versus the number of stator slots per pole and phase (qs) and pole pair number (p) for ISDW and FSDW machines.
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The main conclusions of this subsection are summarized below:

	
Low pole numbers are recommended due to their high torque constant;



	
Distributed winding machines have higher torque constant and winding factor than concentrated winding machines. However, concentrated winding machines allow a higher slot fill factor, so overall torque capability is similar to distributed winding machines;



	
Concentrated winding machines with qs = 0.5 and nl,w,s = 2 have the highest torque capability. Mean torque is considerably higher than the rest of the machines;



	
Among distributed winding machines, low stator slot number are recommended for their high torque constant. The cases with qs = 1 have the highest torque capability among distributed winding machines.









5.2. Torque Ripple


Regarding the torque ripple, Figure 14a shows the dependency of torque ripple (Mem,ripple) on the pole pair number and the winding type, and Figure 14b on the stator slot number. It can be seen that the pole number has no influence on the torque ripple, while the winding type and the stator slot number have a great influence. The lower ripple values are obtained with FSDWs, closely followed by ISDWs, while FSCWs obtain high torque ripple values.


Figure 14. Torque ripple (Mem,ripple) versus (a) pole pair number (p) and winding type; (b) stator slot number per pole and phase (qs).
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ISDW machines deserve further study of the torque ripple. Figure 15a shows the torque ripple results for ISDW machines with different stator slot numbers per pole and phase and short pitching values. It can be seen that lower torque ripple values are obtained when stator slot number per pole and per phase is greater than unity (qs > 1). In these cases, the torque ripple values are comparable to FSDW machines’ values. Moreover, the short pitching has almost no influence on the torque ripple.


Figure 15. Torque ripple (Mem,ripple) versus stator slot number per pole and phase (qs) (a) and short pitching (τa) for ISDW machines; (b) and slot layer number (nl,w,s) for FSCW machines.
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Returning to the FSCW machines, Figure 15b shows the torque ripple for all the concentrated winding machines depending on the stator slot number per pole and phase and slot layer number. Previously, Figure 8 has shown that the ones with double layer windings and qs = 0.5 are the combinations with highest mean torque values. In Figure 15b, it can be seen that they are simultaneously the ones with the highest torque ripple values.



If the causes of the torque ripple are studied, the origin of the torque ripple in SynRMs is in the content of harmonics of the air-gap flux-density waveform (Bagap), which are mainly caused by the relative position between stator and rotor slots and barriers, and the stator magnetomotive force waveform. Air-gap flux-density waveforms and their harmonic spectrum for three machines are shown below: the machine in Figure 16 is a four-pole, 24-stator slot ISDW machine, with a torque ripple of 11.6%; the one in Figure 17 is a four-pole, 36-stator slot FSDW machine, with a torque ripple of 2.9%; the other one, in Figure 18, is a four-pole, 12-stator slot, double layer FSCW machine, with a torque ripple of 47.2%.


Figure 16. Air-gap flux density (Bagap) (a) waveform; (b) harmonic spectrum; for the p = 4, Qs = 24 machine.
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Figure 17. Air-gap flux density (Bagap) (a) waveform; (b) harmonic spectrum; for the p = 4, Qs = 36 machine.
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Figure 18. Air-gap flux density (Bagap) (a) waveform; (b) harmonic spectrum; for the p = 4, Qs = 12 and nl,w,s = 2 machine.



[image: Energies 11 00128 g018]






As can be observed in Figure 16, Figure 17 and Figure 18, the ISDW and FSDW machines have more sinusoidal shaped waveforms compared to the FSCW machine’s waveform. Moreover, the harmonic content for the FSCW machine air-gap flux-density waveform is proven to be greater than for the other machines.



Considering that all the machines with the same pole number have exactly the same rotor geometry, it can be stated that the differences between the machines is caused by the waveform of magnetomotive force created in the stator.



The magnetomotive force created by FSDW machines is very sinusoidal, and have high order and low amplitude harmonics. Thus, the overall harmonic content is very low, and so is the torque ripple.



ISDW machines with one stator slot per pole pair and phase have fifth and seventh order harmonics with a considerable amplitude, and lower amplitude 11–13 and 17–19 order harmonics. When the number of stator slot per pole pair and phase is higher, the 5–7 harmonics are considerably reduced. The harmonic content for ISDW machines with stator slot number higher than the unity is low enough to ensure low torque ripple values.



In the case of FSCW machines, low order and high amplitude magnetomotive force harmonics are produced. Moreover, the open slots of these machines lead to a negative effect on the torque ripple. In the case of machines with three stator slots per pole (qs = 0.5), 2–4 order harmonics are produced. The great amplitude of the second harmonic produces a very detrimental effect on the torque ripple.



The main conclusions of this subsection are summarized below:

	
The pole number has no effect on the torque ripple;



	
The winding type and the stator slot number per pole and phase have a great influence on the torque ripple, due to their effect on the magnetomotive force waveform and its harmonic content (Figure 16, Figure 17 and Figure 18).

	○

	
FSDW machines obtain very low torque ripple results, due to their low magnetomotive force harmonic content;




	○

	
ISDW machines obtain low torque ripple results, due to their relatively low magnetomotive force harmonic content. When the number of stator slots per pole and phase is greater than unity (qs > 1), the torque ripple is especially low, because the 5–7 order harmonics are removed;




	○

	
FSCW machines obtain high torque ripple results, especially when three stator slots per pole are used (qs = 0.5), due to their high magnetomotive force harmonic content and slot opening effect.















5.3. Power Factor


Concerning the power factor (PF), Figure 19 shows its dependency on the pole pair number and the winding type. It can be seen that both pole number and winding type have an evident influence. On the one hand, the influence of the pole number shows that better power factor results are obtained with lower pole numbers. On the other hand, ISDW and FSDW machines obtain better power factor results than FSCW machines.


Figure 19. Power factor (PF) versus pole pair number (p) and winding type.
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Figure 20 is presented for a deeper study of the FSCW machines. The power factor for FSCW machines for different stator slot number per pole and phase, and pole pair number is plotted. Again, it can be seen that the combinations that lead to the highest power factor values (for the same pole number) correspond to double layer slot windings (nl,w,s = 2) with three stator slots per pole (qs = 0.5). In these cases, the power factor values are slightly lower than those of ISDW and FSDW machines. The rest of the concentrated winding machines obtain appreciably lower power factor values.


Figure 20. Power factor (PF) versus stator slot number per pole and phase (qs) for FSCW machines.
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If the causes behind the power factor results are going to be studied, it is necessary to analyze the saliency ratio (ξ). The relation of the power factor with the saliency ratio has been clearly demonstrated in the literature [1,8,15,25,26]. Figure 21 shows that the correlation for the machines considered in this work is strong, and confirms that higher saliency ratios provide higher power factor results independently of the winding type and pole number.


Figure 21. Power factor (PF) versus saliency ratio (ξ).
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In addition, the relationship of the pole number with the saliency ratio has also been demonstrated by many authors in the literature [3,25]. Figure 22a shows the dependency of the saliency ratio on the pole pair number and the winding type. It can be seen that the lower the pole number, the higher the saliency ratio, and consequently higher power factor values are obtained, as shown in Figure 21. Moreover, the influence of the winding type on the saliency ratio can clearly be observed in Figure 22b: the highest saliency ratios are obtained with FSDW and ISDW machines; noticeably worse saliency ratios are obtained with FSCW machines.


Figure 22. Saliency ratio (ξ) versus (a) pole pair number (p) and winding type; (b) stator slot number per pole and phase (qs) and pole pair number (p).
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The main conclusions of this subsection are summarized below:

	
The pole number has a great influence on the power factor. Low pole numbers are recommended due to their high saliency ratios;



	
Distributed winding machines have higher saliency ratios than concentrated winding machines. Among concentrated winding machines, the ones with qs = 0.5 and nl,w,s = 2 have the highest saliency ratios.









5.4. Efficiency


Finally, the electromagnetic efficiency (ηe) is studied. Due to the calculation procedure’s simplifications, only electromagnetic losses are considered in this work (i.e., copper losses (PCu) and iron losses (PFe)).



The dependency of the efficiency on the pole pair number and the winding type is shown in Figure 23a. The influence of the pole number shows that better efficiency results are obtained with low pole numbers. The influence of the winding type is not that clear, but it can be seen that in most cases the FSCW machines obtain lower efficiency results.


Figure 23. Electromagnetic efficiency (ηe) versus (a) pole pair number (p) and winding type; (b) stator slot number per pole and phase (qs) and pole pair number (p).
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Figure 23b shows the dependency of the efficiency on the stator slot number per pole and phase, and the pole pair number. It can be seen that the higher efficiency values for each pole number are obtained with ISDW machines with one stator slot per pole and per phase (qs = 1). In general terms, distributed winding machines obtain higher efficiency results than concentrated winding machines.



The efficiency of the machines depends on the losses and the output power. Since the speed for all the machines is constant, the output power exclusively depends on the mean torque. Thus, the efficiency is studied with the mean electromagnetic torque, copper losses and iron losses. The Figure 24 shows the copper losses (a) and the iron losses (b) for different pole pair number and winding types.


Figure 24. (a) Copper losses (PCu); (b) and iron losses (PFe) versus pole pair number (p) and winding type.
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The iron losses depend on the pole pair number, as Figure 24b shows, due to is dependency on frequency. In any case, the iron losses are considerably lower than copper losses, so the attention in this study must focus on the copper losses.



Since the current density is set, the copper losses mainly depend on the total slot area of the machines and the stator slot fill factor. This explains why concentrated winding machines have higher copper losses, while distributed winding machines have similar copper losses, as it can be seen in the Figure 24a.



The Figure 25a shows the relationship between the magnetomotive force (which depends on the slot area and the fill factor, in the same way as the copper losses), and the copper losses for the distributed winding machines, depending on the pole pair number. It can be seen that the copper losses are proportional to the magnetomotive force for the machines with the same pole number. The difference between different pole numbers lies in the losses produced in the end windings: the higher the pole number, the lower the end winding length.


Figure 25. (a) Copper losses (PCu) versus magnetomotive force (N·I) and pole pair number (p); (b) and electromagnetic efficiency (ηe) versus magnetomotive force multiplied by the first harmonic winding factor (N·I·kω,s1) and pole pair number (p); for ISDW and FSDW machines.
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It has been proved in Section 5.1 that the mean torque is also proportional to the magnetomotive force (especially if the effect of the winding factor is taken into account, as in Figure 12). Thus, high magnetomotive force values obtain both high mean torque and copper losses. Figure 25b shows the relation between the magnetomotive force, multiplied by the winding factor (N·I·kω,s1) and the electromagnetic efficiency. It is proved that, for the same pole number, machines with higher N·I·kω,s1 values obtain higher efficiency results.



The main conclusions of this subsection are summarized below:

	
A low pole number is recommended to obtain a higher efficiency, because they can produce higher output powers with similar losses;



	
The winding type has a considerable effect on the efficiency.

	○

	
Distributed winding machines have higher efficiencies than concentrated winding machines;




	○

	
Concentrated winding machines have both, lower torque production and higher losses, in general;




	○

	
Among concentrated winding machines, the ones with qs = 0.5 and nl,w,s = 2 have efficiencies comparable to distributed winding machines.















5.5. Design Criteria


Based on the conclusions of the analysis, the main key steps for a good SynRM design are summarized in this subsection. Then, the feasibility of using SynRMs for low speed applications is studied.



The conclusions of the main parameters studied in this work (i.e., pole number, stator slot number per pole and phase, and the winding type) show that:

	
On the one hand, a low pole number is recommended for high mean torque, power factor and efficiency. On the other hand, the pole number has negligible effect on the torque ripple;



	
ISDW machines have good torque capability, efficiency and power factor. The torque capability and efficiency are especially high when one stator slot per pole and phase is used (qs = 1), but the torque ripple is considerable. Very low torque ripple values are obtained when the number of stator slots per pole and phase is greater than the unity (qs > 1), although it must be noted that further design measures to reduce the torque ripple have not been considered;



	
FSDW machines exhibit satisfying torque capability, power factor and efficiency and excellent torque ripples;



	
FSCW machines, in most cases lead to moderate torque capability and poor torque ripple, power factor and efficiency results.



	○

	
Among fractional slot concentrated winding machines, the ones with qs = 0.5 and nl,w,s = 2 show excellent torque capability and efficiency. The power factor for these machines is slightly lower than for distributed winding machines and the torque ripple is very high.












In addition to the design criteria related to the main studied parameters, some other aspects must be taken into account:

	
The rotor geometry has not been studied in this work, although the literature has demonstrated that it has a deep effect on the torque ripple and the saliency ratio;



	
The mean torque of the machines has proven to be linearly related to the air-gap flux density first harmonic. Design strategies that lead to higher air-gap flux densities are recommended, such as the reduction of the air-gap thickness.










6. PMSM vs. SynRM Comparison


In this section, a SynRM is designed based on the previously shown design criteria and the results are compared to those of the original PMSM.



A two-pole pair ISDW machine has been chosen, with 48 slots and two slots short pitching. The machine has been designed and calculated applying the procedure explained in Section 2, with the design specifications and restrictions shown in Table 6. Due to the absence of permanent magnets, placing the rotor inside the stator is easier for SynRMs, so the air-gap of the designed machine has been reduced to 0.8 mm. Figure 26 shows one half of the designed machine geometry.


Figure 26. p = 2, Qs = 48, τa = 2 SynRM geometry.
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The performance characteristics of both machines have been calculated under the conditions in which the steady-state temperatures do not exceed the maximum allowable temperatures. The thermal requirements for the PMSM allow temperatures up to 155 °C in the windings (F class insulation) and 120 °C in the magnets (N40H grade magnet). Since the absence of permanent magnets in SynRMs allows less stringent thermal restrictions, the maximum allowable temperature for the SynRM is imposed to 180 °C (H class insulation).



Models by MotorCAD software for both machines are used for the thermal calculation, employing natural convection as cooling method. The results for both machines with the same volume are shown in the Table 7. The results show that, even for a higher temperature restriction in the winding, the performance characteristics of SynRMs are unable to reach the specifications of the PMSM with the same geometric restrictions.



Table 7. SynRM and permanent magnet synchronous machines (PMSM) characteristics for the same volume.







	
Parameter

	
SynRM

	
PMSM






	
Electromagnetic torque (Nm)

	
103

	
162




	
Torque ripple (Nm)

	
4.9

	
0.6




	
Line voltage (V)

	
319

	
330




	
Phase current (A)

	
5.7

	
6.5




	
Apparent power (kVA)

	
3.15

	
3.71




	
Input power (kW)

	
2.73

	
3.35




	
Output power (kW)

	
1.73

	
2.71




	
Power factor

	
0.85

	
0.90




	
Efficiency

	
0.63

	
0.81










The increase needed in the volume for meeting torque specifications is calculated. The stack length has been increased from 125 mm to 200 mm, which means that the total volume of the machine is 60% larger. The results are compared to the original PMSM performance characteristics in the Table 8.



Table 8. SynRM and PMSM characteristics for the same torque requirement.







	
Parameter

	
SynRM

	
PMSM






	
Electromagnetic torque (Nm)

	
162

	
162




	
Torque ripple (Nm)

	
7.5

	
0.6




	
Line voltage (V)

	
332

	
330




	
Phase current (A)

	
8.05

	
6.5




	
Apparent power (kVA)

	
4.63

	
3.71




	
Input power (kW)

	
3.92

	
3.35




	
Output power (kW)

	
2.71

	
2.71




	
Power factor

	
0.82

	
0.90




	
Efficiency

	
0.69

	
0.81










It can be concluded that, for a comparison in which fair thermal restrictions are applied to both machines, the SynRM is able to provide around 35% lower torque than PMSMs with the same volume. For the same torque specifications, about 60% longer stacks are needed for SynRMs. In both cases, the power factor is slightly lower and efficiency is around 20% worse for the SynRM.



Nevertheless, it is expected that a proper design with an optimized rotor geometry could greatly improve the presented results. This should be studied in future works.



Only the main performance characteristics of the machines have been compared in this work, but SynRMs have some advantages over PMSMs that have not been quantified. These advantages are derived from the absence of permanent magnets: there is no demagnetization risk, they exhibit good fault tolerance, and, most importantly, manufacturing cost is reduced. It is expected that, for applications in which the machine size is not restrictive, a properly designed SynRM with a longer stack could substitute a PMSM, with a reduction of costs.




7. Conclusions


In this paper, the influence of the rotor pole number, the stator slot number and the winding type in SynRMs is studied, in order to obtain the optimal combination for low speed–high torque application.



This study has proven that high pole numbers are not suitable for SynRMs, and that FSCW machines should not be used as well in general terms. However, FSCW machines with qs = 0.5 and double layer winding have proven to be good candidates in terms of mean torque capability for applications in which having a small torque ripple is not an essential requirement.



A performance comparison between SynRM and PMSM has been conducted. It is found that, for the evaluated machine, the torque capability for the same geometric restrictions and limited maximum temperature is around 35% lower for the SynRM. For the same torque requirement and limited maximum temperature, the needed volume is around 60% larger for the SynRMs. Moreover, it is found that the power factor and the efficiency are lower for the SynRM in both cases.



The proposed calculation procedure has been validated by FEM simulations and experimental measurements, meaning that the results and conclusions of the study are validated as well.



The literature has proved that some performance characteristics of the machines are heavily dependent on the rotor geometry, and the machines in this work have been designed with the same pre-defined rotor geometry. In order to know the potential of these machines, the optimization of the rotor geometry is crucial. New machines with optimized rotor geometries should be considered in future works, with the aim of verifying the conclusions of this work, and studying the feasibility of using SynRMs for low-speed applications.
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