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Abstract

:

Today, an extensive electrification is occurring in all industrial sectors, with a special interest seen in the automotive and aerospace industries. The electric motor, surely, is one of the main actors in this context, and an ever-increasing effort is spent with the aim of improving its efficiency and torque density. Hairpin windings are one of the recent technologies which are implemented onto the stator of the electric motor. Compared to conventional random windings, it inherently features lower DC resistance, higher fill factor, better thermal performance, improved reliability, and an automated manufacturing process. However, its bottleneck is the high ohmic losses at high-frequency operations due to skin and proximity effects (AC losses), resulting in a negative impact on the temperature map of the machine. Nevertheless, while it is well-known that DC losses increase linearly with the operating temperatures, the AC losses trend needs further insight. This paper demonstrates that operating the machine at higher temperatures could be beneficial for overall efficiency, especially at high-frequency operations. This suggests that a paradigm shift is required for the design of electric motors equipped with hair-pin windings, which should therefore focus on a temperature-oriented approach. In addition, the effect of the rotor topology on AC losses, which is often overlooked, is also considered in this paper. The combination of these effects is used to carry out observations and, eventually, to provide design recommendations. Finite element electromagnetic and thermal evaluations are performed to prove the findings of this research.
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1. Introduction


Extensive research and development are currently taking place in the transportation field, where the electrification of vehicles plays one of the most critical roles in mitigating emissions and maximizing efficiency [1,2,3].



One of the key elements of the powertrain of hybrid electric vehicles (HEVs) and battery electric vehicles (BEVs) is the electrical machine. Nowadays, from the viewpoint of giving priority to the torque density of components, permanent magnet synchronous machines (PMSM) are widely implemented as propulsion motors in traction applications [4].



Of the techniques used to maximize the power density of electric machines, the design for high operating speeds is one of the most effective and straightforward. Nevertheless, this results in higher operating fundamental frequencies, which in turn means increased iron and ohmic losses, as well as more structural and reliability challenges [5].



When operating at a relatively low frequency, the current distribution in the armature conductors is usually uniform. In higher frequency ranges, skin and proximity effects can occur if no suitable precautions are taken, leading to higher conductors’ resistances and losses [6]. Different winding methods have been introduced to mitigate these phenomena, such as Litz wires [7]. However, these feature a low copper-to-insulation ratio within the slot (fill factor), high manufacturing costs, and complex shaping and impregnation, making them suitable for very high-frequency applications only [8]. Transport applications, and in particular automotive ones, are rather cost-effective, and thus the most competitive solution is the random winding, characterized by strands with a higher cross-section than those used in the Litz wire [9]. Although the random winding represents a good trade-off between costs and performance, its fill factor is low and, above the 1 kHz range, skin and proximity effects can still occur. In addition, the random distribution of conductors within the slots can make the winding voltage distribution uneven, thus impacting the overall reliability [5].



Hairpin windings are gaining popularity in traction applications [10]. This technology nearly doubles the fill factor compared to traditional random windings, further improving the overall performance metrics. Its main inherent advantages are lower DC resistance, higher fill factor, better thermal slot conductivity, improved voltage distribution, and an automated manufacturing process, which make hairpin windings suitable for the automotive field [11,12,13,14].



Considering all the above, combining PMSMs with hairpin windings maximizes the torque density of the motor itself and, consequently, of the powertrain and the vehicle. However, the biggest challenge of hairpin windings is the high losses at high-frequency operations (namely AC losses). In Figure 1, an example of the current density map in 6 hairpin legs within a motor slot is shown. As seen, in some of the conductors, the current density is not uniformly distributed, thus causing an increase in the equivalent resistance and losses. In the general example shown below, the frequency has been set at a relatively high value, i.e., 1 kHz, aiming to highlight the abovementioned high-frequency phenomena.



Several methods have been recently proposed to mitigate these phenomena in hairpin windings, especially the use of unconventionally shaped conductors near the slot opening [15,16]. However, all these studies assume the effect of the rotor field is negligible on skin and proximity effects, and thus the rotor usually is not modeled in the relevant analysis tools.



In addition, the positive effects of having reduced losses on the operating temperatures have been shown [16], as well as investigations on the cooling systems to be implemented when hairpin windings are adopted [17,18,19,20]. On the other hand, for a given hairpin layout, the effects of the operating temperature on the losses have not been investigated so far. In fact, while the result is known for the DC losses, i.e., the resistivity increases with temperature, the impact on AC losses is not obvious, especially for variable speed/frequency operations.



Therefore, although the importance of ohmic loss evaluation and thermal analysis for PMSMs equipped with hairpin windings has already been highlighted in previous studies, the effect of temperature variation in hairpin conductors on AC losses at different working frequencies is not detailed.



Considering all the above, this work tries to fill these gaps by: (a) analyzing the effect of temperature on the overall losses, (b) investigating the impact of different permanent magnet rotor topologies on the overall losses, and (c) analyzing the effects on losses of both temperature and rotor topologies. The benchmark machine considered for the investigations at hand is a traction motor intended for racing car applications, whose full design process was proposed in [12], including a multi-objective optimization carried out aiming to maximize power density and minimize power losses. In this paper, first, the design of this benchmark motor is refined considering the realistic and commercial dimensions of hairpin conductors. Then, the focus is on the temperature and topology impact on DC and AC losses, which is the main aim of this research.




2. Background


In [12], a surface PMSM intended for a Formula SAE [21] application was designed. While its first version consisted of a random winding stator, in [12], a hairpin winding was chosen through a multi-optimization process, with excellent results being achieved in terms of torque density and efficiency. In Figure 2, the optimal machine obtained in [12] is reported, whereas Table 1 summarizes the main achievements compared to the random winding design.



With the challenges related to losses and temperatures, the maximum frequency was kept below the 1 kHz range for this motor. In this study, an attempt was made to redesign the motor with a frequency range above 1 kHz using the same design process as in [12]. Furthermore, a thermal analysis was carried out to consider the real operating temperatures of the machine and their effect on the performance. The relevant aspects were indeed neglected in [12].



In [12], a special focus was given to the loss evaluation, especially in the copper, as one of the most critical factors to consider when designing an electrical machine with hairpin windings is the AC losses. The DC resistance, RDC, of a machine phase depends on the total length of one coil, Lc, the number of turns in series N and parallel paths per phase, the cross-sectional area of the conductor, Sc, and the conductivity of the conductive material, σc. Considering a uniform current distribution, the losses associated with the DC resistance are the only contribution to the Joule losses. On the other hand, when skin and proximity effects occur, the AC losses must be carefully determined, and this is usually performed through the ratio between RAC and RDC [7]. In (1), kR is the resistance factor, which is the ratio of the AC to DC resistance of the conductor, where z is the conductors’ number in the slot and φ, ψ, and ξ are expressed as in (2), (3), and (4), respectively. The parameters hc0 and bc in (4) are the height and width of the conductors, respectively, while b is the slot width, ω is the supply frequency, and µ0 is the permeability of the vacuum.


   k R  =    P  A C      P  D C     = φ  ( ξ )  +    z 2  − 1  3  ψ  ( ξ )   



(1)






  φ  ( ξ )  = ξ   sinh 2 ξ + sin 2 ξ   cosh 2 ξ − cos 2 ξ    



(2)






  ψ  ( ξ )  = 2 ξ   sinh ξ − sin ξ   cosh ξ + cos ξ    



(3)






  ξ =  h  c 0      1 2  ω  μ 0   σ c     b c   b     



(4)








3. Practical Design


First Rotor Topology


In [12], an analytical model was used for optimization purposes, as it presents a reduced computation time as opposed to a finite element analysis (FEA). In this paper, the same analytical model was used, together with the multi-objective optimization, to further improve the surface PMSM. The same objectives were set, i.e., minimization of power loss and maximization of power density as in (5). The main difference between the design proposed in [12] and that presented in this paper is that practical considerations were carried out here, while these were previously neglected. First, the fill factor was updated from ≈85% to ≈65%, which is a more realistic value accounting for the conductors’ corner radius, the insulation materials with their typical thicknesses, etc. Then, a higher operating frequency was considered, which was obtained by increasing the number of pole pairs from 4 to 5. After the implementation of the multi-objective evolutionary algorithm, whose results are reported in the Pareto front of Figure 3, a new optimal motor was achieved. This is shown in Figure 4 for the sake of completeness. A comparative summary between the motor designed in [12] and the one carried out in the present contribution is shown in Table 2. Although the newly assumed fill factor was decreased, the power density and the overall losses (and thus the efficiency) remained basically the same as in the previous design. It is worth mentioning that all the comparative results reported in Table 2 were found without considering the end windings, as the estimations of their length, weight, losses, etc., were difficult to estimate analytically. However, the comparative exercise between the two motors is fully consistent.



The dimensions analytically obtained were used to build the machine geometry and a corresponding model within the FE-based software Simcenter MagNet.


   P  D e n s i t y   =    P  o u t     V o l    



(5)









4. Analysis of Ohmic Losses versus Temperature


As mentioned in the previous sections, one of the most critical challenges of hairpin windings is the high AC losses in the conductors, with that nearest to the slot opening being the most stressed (see Figure 1). This phenomenon is particularly evident at high operating frequencies. While the effect of frequency on AC losses is well-known and studied, the impact of the temperature has not been widely investigated, and thus this is the main target of this section.



First, considering the parameter kR defined in (1), a value equal to 2 was taken as an acceptable index in terms of the amount of AC losses against DC ones. Considering this, the designed PMSM was analyzed via an FEA model, where the total DC and AC losses in the hairpin conductors were calculated at various frequency values, ranging from 0 Hz to ≈1.75 kHz. Figure 5 shows the DC and AC losses, where the frequency at which kR = 2 is highlighted, i.e., ≈650 Hz. Furthermore, for the sake of completeness, PM losses and core losses were also evaluated which, added to the ohmic losses, contribute to the total power losses of the machine. These results are plotted in Figure 6. It is worth highlighting that these losses were found by considering an ambient temperature of 20 °C. However, all these loss contributions are temperature-dependent, especially the ohmic losses. In fact, the electrical resistivity of conductors changes linearly with temperature. It was therefore expected that, when the steady-state temperature was imposed on the conductors, the DC power loss would increase. On the other hand, the AC losses would not increase linearly as the AC resistance depends on the current distribution, and thus the overall losses at the steady-state temperature should be carefully investigated.



Therefore, a thermal analysis was carried out considering the power losses found through the FEA (see Figure 4 and Figure 5). The FE-based software Simcenter MagNet Thermal was used for such purposes. Nomex 430 was used as slot insulation, while Kapton was used as conductor insulation [22], and the slot was filled with Epoxy resin. Furthermore, as boundary conditions, the outer stator environment was covered by a water-jacket at a temperature of 50 °C, an additional convective heat transfer coefficient of 100 W/(m2. °C) was assumed for the airgap, and a perfect insulator was considered for the shaft. Figure 7 illustrates the temperature map of the designed surface PMSM. It is worth highlighting that, although the PM temperature was ≈120 °C, no demagnetization challenges were expected as the selected PMs have the demagnetization knee in the third quadrant of the BH curve up to 150 °C.



All the temperatures in the various parts of the machine were then recorded and transferred to the electromagnetic FEA model to calculate the losses at such temperatures, which are considered as the steady-state ones. As expected, the DC loss in the motor at steady state was higher than that at ambient temperature, as observed in Figure 8. Compared to the ambient case, the DC loss increased by ≈50%, but the slope of AC losses (red line) decreased by ≈45% when a linear approximation was performed around the point where kR = 2. This resulted in an increase of the frequency value at which the AC-to-DC loss ratio, kR, was equal to 2, i.e., it went from ≈650 (at ambient temperature) to ≈1200 Hz (at steady-state temperature). The changes in the core and PM losses from ambient to steady state were not significant. Therefore, the total power loss significantly depends on ohmic losses. Figure 9 shows the total power losses in both conditions. It reports one of the most interesting results of this research. In fact, it informs that the total power losses at the thermal steady state were higher than those at ambient temperature up to ≈640 Hz, where the intersection between the two curves occurred (see the point ‘M’ in the figure). Above this intersection point, the total power losses at steady-state temperature become lower than those at ambient conditions. This finding leads to conclude that the operating temperature can play a very important role in the overall losses in hairpin windings, thus suggesting that a “temperature-oriented” motor design could enable higher efficiency levels in such types of electrical machines.




5. Analysis of Losses versus Rotor Topologies


5.1. Ohmic Losses versus Different Rotor Topologies


Besides the phenomena related to the temperature, another important aspect which is often overlooked when analyzing losses in hairpin windings is the effect of the rotor field. In this section, an analysis is carried out considering different rotor topologies while keeping the same stator as the designed PMSM. Figure 10 shows the four rotor topologies investigated, where the PM volume was kept the same as the surface case. As seen, Topology 2 (Figure 9a) and Topology 3 (Figure 9b) were directly obtained from the surface layout (namely Topology 1) by embedding the magnets into the core. Figure 10c shows an interior PM rotor with the classical V shape (Topology 4), while Figure 10d shows an interior PM rotor with the classical Δ shape (Topology 5). It is worth mentioning that these topologies are not optimized as this would be out of the scope of this paper. The four considered topologies were investigated using the existing electromagnetic FEA model as per the surface PMSM. Figure 11 shows PM loss, total ohmic loss, and core loss versus frequency for the five rotor topologies. The temperature, initially, was set at the assumed ambient value of 20 °C. Topologies 4 and 5 featured lower overall losses, while Topology 2 was the one with higher losses, especially those in the core. This is true at any studied frequency value. It is also possible to observe that the motor frequency had no significant effect on PM losses in Topologies 3, 4, and 5. Concerning ohmic losses, Topologies 1 and 2 had no differences, while Topologies 3, 4, and 5 had a not-negligible effect, with the last one being the more efficient. In summary, focusing on the ohmic losses and taking as an example the losses at 800 Hz, the difference between Topology 1 and Topology 5 was 27.8%, thus proving that these aspects cannot be neglected in machines equipping hairpin windings. For the sake of completeness, the field maps at full-load conditions for all five topologies at 800 Hz are illustrated in Figure 11.




5.2. Analysis of Ohmic Losses versus Both Temperature and Rotor Topologies


In this last section, the comparison among the rotor topologies is carried out considering the steady-state operating temperatures of the machines. To do so, the same procedure performed in Section 4 for Topology 1 was also carried out for the remaining four topologies. This consisted of running a thermal analysis using the losses at 20 °C, obtaining an accurate temperature map, and recalculating the losses at these (steady state) temperatures. Figure 12 illustrates the DC power losses at ambient and steady-state temperature conditions for the five different rotor topologies. For Topology 1, the amount of DC loss was equal to that in Figure 5 and Figure 8. The DC losses at ambient temperature were the same for all the topologies, as expected. On the other hand, a non-negligible difference was registered at steady-state temperature due to the different steady-state temperatures among the topologies. Figure 13 shows, for all five topologies, three frequency values: (1) the frequency at which kR = 2 at ambient temperature, (2) the frequency at which kR = 2 at steady-state temperature, and (3) the frequency intersection point where the total ohmic losses at steady-state temperature become lower than those at ambient temperature. It can be observed that this intersection point changed from one topology to another. In particular, the interior PM rotor layouts (Topologies 4 and 5) presented a higher-frequency intersection point, thus highlighting reduced room for improvement when a temperature-oriented design was adopted. For the sake of completeness, Figure 14 shows the current density maps for all five topologies at their corresponding frequency intersection points. Figure 15 reports the instantaneous current density in the conductors within one slot, considering the worst-case scenario. Topologies 4 and 5 present the higher values of current density for the conductors closest to the slot opening (first, second, and third conductors), whereas they feature lower current density values in the remaining ones.





6. Conclusions


In this paper, the focus was on ohmic losses in hairpin windings. The effects of both operating temperatures and rotor topologies were analyzed in detail, taking a surface-mounted PMSM intended for racing car applications as a case study.



The methodology consisted in:




	(1)

	
Evaluating the loss performance of the considered motor at an assumed ambient temperature of 20 °C via the electromagnetic FEA model.




	(2)

	
Evaluating the temperature map of the considered motor via the thermal FEA model considering the losses determined in (1).




	(3)

	
Evaluating the loss performance of the considered motor via the electromagnetic FEA model at the temperatures determined in (2).




	(4)

	
Repeating the above tasks for motors featuring different rotor topologies.









The main outcomes of this research are summarized in Figure 9 and Figure 13, where it can be seen that there exists a frequency value at which the losses at higher temperatures than the ambient ones are lower. This is especially true for the benchmark case study, where this frequency value was equal to 637 Hz. A higher frequency value was found for the other four rotor topologies investigated, i.e., 704.7, 782.44, 909.25, and 1045.25 Hz, but still higher operating temperatures seem to be beneficial when AC losses are involved. The findings of this research indicated that a temperature-oriented design process for machines equipping hairpin conductors would be worthwhile in the context of reducing AC losses in this winding technology. Most of the findings reported in the paper are based on comparative analyses and, as such, they are fair and consistent. To have an experimental validation, it would be necessary to have a number of machines with different rotor topologies and test them at different temperatures and speeds. Our future research will attempt to overcome these challenges.
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Figure 1. A general example showing the uneven current density distribution in hairpin conductors at high-frequency operations. 
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Figure 2. The geometry of the optimal motor from [12]. 
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Figure 3. Optimization results for the design of the surface PMSM with hairpin winding. 






Figure 3. Optimization results for the design of the surface PMSM with hairpin winding.



[image: Machines 10 00715 g003]







[image: Machines 10 00715 g004 550] 





Figure 4. The geometry of the newly designed optimal motor. 
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Figure 5. DC and AC losses versus frequency at ambient temperature (20 °C). 
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Figure 6. PMs, core, and total losses versus frequency at ambient temperature (20 °C). 
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Figure 7. The FEA temperature map of the considered surface PMSM. 
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Figure 8. DC and AC losses versus frequency at the steady-state temperature. 
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Figure 9. Comparison in terms of total losses versus frequency between ambient and steady-state temperature operation. 
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Figure 10. Rotor topologies: (a) Topology 2, (b) Topology 3, (c) Topology 4, and (d) Topology 5. 
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Figure 11. Comparison in terms of losses versus frequency among the five topologies considered. 
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Figure 12. Comparison in terms of DC power losses among the five considered topologies, at both ambient and steady-state temperature conditions. 
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Figure 13. Comparison among the five considered topologies in terms of: (1) the frequency at which kR = 2 at ambient temperature (in blue), (2) the frequency at which kR = 2 at steady-state temperature (in red), and (3) the frequency intersection point where the total ohmic losses at steady-state temperature become lower than those at ambient temperature (in yellow). 
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Figure 14. Instantaneous current density at the intersection frequency point in steady-state condition for the five rotor topologies, (a) First topology (SMPMSM), (b) Second topology, (c) Third topology (magnets embedded in the core), (d) fourth topology (the classical V shape), (e) fifth topology (the classical Δ shape). 
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[image: Machines 10 00715 g014a][image: Machines 10 00715 g014b]







[image: Machines 10 00715 g015 550] 





Figure 15. Instantaneous current density in the conductors within one slot of all five considered topologies, in the worst-case scenario. 
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Table 1. Comparison between the motor with random windings and the motor with hairpin windings [12].






Table 1. Comparison between the motor with random windings and the motor with hairpin windings [12].





	
Parameters

	
Round Winding

	
Hairpin Optimal Design






	
Mechanical power (KW)

	
40

	
40




	
DC link voltage (V)

	
600

	
600




	
Base speed (rpm)

	
12,740

	
12,740




	
Torque (Nm)

	
30

	
30




	
Surface current density (A/mm2)

	
13

	
13




	
Linear current density (A/mm)

	
70

	
70




	
Peak current (A)

	
140

	
63.7




	
Fill factor

	
60%

	
85%




	
Pole number

	
6

	
8




	
slot/pole/phase

	
1

	
4




	
Axial length

	
65

	
26




	
Conductors/slot

	
11

	
6




	
Rotor radius

	
45

	
59




	
Tooth width

	
10

	
1.635




	
Yoke thickness

	
14

	
13.35




	
Outer radius

	
85

	
80.6




	
Power loss (kW)

	
2

	
1.42




	
Efficiency

	
95.2%

	
96.6%




	
Volume power density (MW/m3)

	
16.75

	
74.4




	
Volume torque density (kNm/m3)

	
13.21

	
55.76




	
Stator winding

	
Distributed, full-pitch, single layer




	
Core material

	
M330-50A




	
PM material

	
NdfeB-N28AH
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Table 2. Design summary of the PMSM and comparison versus the previous design [12].






Table 2. Design summary of the PMSM and comparison versus the previous design [12].





	Parameter
	New Optimal Motor
	The Motor in [12]





	Fill factor (%)
	65
	85



	Outer stator diameter (mm)
	173.27
	161.2



	Rotor diameter (mm)
	124.8
	118



	Axial length (mm)
	26
	26



	Slot− pole− phase
	2
	4



	Pole number
	10
	8



	Number of conductors per slot
	6
	6



	Max. frequency (Hz)
	1061.7
	849.33



	Efficiency (%)
	96.1
	96.6



	Power density (MW/m3)
	74.1
	74.5
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