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Abstract

:

Eddy current losses in magnets are a major consideration in the rotor design of permanent magnet synchronous motors (PMSMs). Stator design choices and the use of modern inverters with high switching frequency introduce harmonics that can contribute to significant losses in the magnets, causing the rotor to heat up. In typical PMSMs, the lack of rotor cooling can cause the magnet’s performance to degrade at high temperatures and eventually demagnetize. This review examines a large number of studies analyzing magnet eddy current losses using analytical methods and finite-element analysis. In some of these studies, magnet segmentation is carried out to reduce the losses; however, their loss-reduction effects depend highly on the type of PMSM and the mix of stator harmonics. Magnet segmentation without considering these effects can, in fact, increase the magnet losses, in addition to the extra manufacturing efforts. Multiple design analysis show the influence of rotor–stator geometric features on magnet losses. Although measuring magnet eddy current losses for these motor designs is a tedious task, authors have proposed calorimetric and loss segregation-based techniques to provide validation. This paper addresses magnet loss modeling techniques, PM material considerations, magnet segmentation effectiveness, motor and stator design effects, and experimental validation to inform motor designers about the costs and benefits of rotor designs that minimize rotor losses.
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1. Introduction


High-frequency permanent magnet (PM) motor drives are becoming increasingly available in electric vehicles (EV), aerospace, and other applications which are sensitive to motor weight. Designing these machines encompasses multiple strategies such as distributed vs. concentrated windings on the stator and interior PM, surface PM, and inset PM on the rotor. Independent of design choice, the magnets in the rotor are exposed to a variety of harmonics. They are generated from the slotting effect and inverter switching and are the sources of magnet eddy current losses. Typically, stator slotting produces the first few harmonics, while modern inverters create pulse-width modulation (PWM) switching harmonics that have significantly higher frequencies. The percentage of eddy current losses due to each of these sources may vary depending on stator and rotor design. Popular NdFeB magnets used in most of these applications have a high electrical conductivity that exhibits eddy currents and creates eddy current losses. While the magnitude of this loss component is typically low compared to major losses such as copper, iron, and mechanical losses, and has a lower impact on motor efficiency, excessive losses generated in thermally isolated rotors develop barriers to the continuous operation and lead to thermal magnetic degradation.



Magnet segmentation increases the resistance of eddy current paths and is the prevailing strategy to reduce eddy current losses. Segmentation can be either axial or circumferential. The former is more common in longer stack-length machines and, additionally, benefits the manufacturability of magnets by providing a practical dimensional aspect ratio. The latter is implemented to further curtail the magnet losses. During high-speed operation, when these harmonic frequencies approach the kHz range, typical NdFeB magnet blocks reach their skin depth, such that the eddy currents are concentrated on the magnet edges. Here, the skin depth ( δ ) is defined as:


  δ =   2  σ ω μ     



(1)




where  σ  is the material’s electrical conductivity,  ω  is the angular frequency, and  μ  is the material’s permeability. As the frequencies increase to a level that makes skin depth close to half the magnet width, the circuit transitions from a resistance-limited to a reactance-limited circuit, causing the more segmented magnet to generate more losses [1]. Of the two indispensable methods used to model magnet losses, finite-element analysis (FEA) and analytical, FEA better captures the skin effect. While there are several analytical models that incorporate the skin effect, some of them are constrained to a homogeneous or sinusoidal excitation field.



This paper aims to summarize the modeling techniques and various factors affecting magnet losses in PM motors to provide motor designers with design approaches that can minimize rotor magnet losses. Section 2 details the two main mechanisms, hysteresis and eddy currents, that generate magnet losses; methods used in analyzing the eddy current loss; analytical models, and their ability to predict the losses. Section 2.3 describes a simple case study used to investigate the accuracy of a few selected methods. Section 3 describes the PM material properties that influence the losses and provides a comparison between the most common PM materials. Section 4 presents segmentation effects and summarizes findings from the literature. Section 5 investigates the variation of magnet losses in PMSMs due to rotor design and discusses features of available rotor types contributing to magnet eddy current losses. The influence of stator design choices and winding types is outlined in Section 6, while Section 7 summarizes other possible factors that contribute to magnet losses. Section 8 reports on experimental validation mechanisms using calorimetric and loss segregation approaches and their results.




2. Loss Mechanism and Modeling Techniques


2.1. Hysteresis Loss


Two potential loss mechanisms in magnets are hysteresis and eddy current losses. Although the majority of the magnet loss studies in the literature focus only on eddy current losses, rare-earth magnets in PMSMs are electrically conductive metal blocks with permeability slightly higher than air (  μ 0  ); thus, there is the possibility of developing hysteresis loops.



Figure 1a shows the normal curve between the applied magnetic field (H) and the magnetic flux density (B) of a rare-earth PM material. On the original curve, the segment from Br to point C is called the linear region where point C is called the knee point. After the knee point, the flux density drops gradually and becomes zero when the applied magnetic field is equal to coercivity (Hc). The operating point will be at the intersection of the BH curve and the airgap line (determined by whichever application is being modeled), e.g., point A. In a PMSM, this always occurs inside the second quadrant of the BH curve. If the operating point falls below the knee point, as shown in point D, the magnetic flux density does not return to its original value; rather it follows a new path set out by the recoil line. Consider the operating point represented by point E. During motor operation, a positive and negative magnetic field will be applied around Hm, which will cause the flux to vary along this recoil line. In most designs, this variation will take place within the second quadrant of the BH curve. Thus, it has the possibility of forming a loop, as seen in ferromagnetic materials. This is called a minor hysteresis loop. Capturing these minor loops requires special measuring equipment such as a vibrating sample magnetometer or a fluxgate magnetometer. Much of the literature does not report the relatively smaller minor loops (Figure 1b), while some authors have tediously tested this, as shown in Figure 1c. In any case, the relative recoil permeability of sintered NdFeB magnets is close to one, which, according to some studies [2], generates minimal magnet hysteresis losses in a typical PMSM. If the entire magnet is enclosed by the second quadrant, relatively smaller losses are present, as seen from smaller minor loops in Figure 1c.



The hysteresis losses due to slot harmonics are reported in [5], which provides details on possible scenarios for significant magnet hysteresis loss in PMSM. Changing the sign of magnetic field H is stated as the necessary condition for sizable minor hysteresis loops to form. This causes the operating condition to change from the second to the first quadrant of the BH curve as shown by the larger loops in Figure 1c. FEA modeling of a two-pole high torque PMSM shows that a strong stator field is needed for the operating point to move to the first quadrant of a rare earth magnet [4]. This can easily be avoided with careful consideration at the machine design stage. In summary, hysteresis losses in rare-earth magnets seem to be smaller or avoidable.




2.2. Eddy Current Loss


FEA modeling is frequently used at the machine design stage as well as for loss-component analysis. It can provide a very accurate prediction of PM eddy current losses by capturing both non-homogeneous field distribution and temporal variations for any shape of the excitation waveform. Although, depending on the simulated frequency, the mesh size and time step necessary to capture the skin effect can make the FEA solution too time consuming compared to an analytical model. The solution is obtained by numerically solving the following equations [6]:


  ∇ ×  (  1 μ  × A )  =  J a  − σ (   ∂ A   ∂ t   + ∇ ϕ ) +  1  μ 0   ∇ × M  



(2)






  ∇ · ( σ (   ∂ A   ∂ t   + ∇ ϕ ) ) = 0  



(3)






   V a  =   d Φ   d t   +  R a   i a   



(4)




where A and  ϕ  are the magnetic vector potential and electric scalar potential, respectively,   J a   is the armature current density, and M is the PM magnetization.   v a   and   i a   are the armature voltage and current, respectively, where the   R a   and  Φ  are the armature resistance and flux linkage, respectively. Numerous studies have analyzed the magnet losses using FEA both in 2D and 3D domains [7,8,9,10] and hybrid methods have employed both analytical and FEA to increase computational efficiency [11,12,13].



The 2D analytical methods predicting the magnet eddy current losses can be derived from basic Maxwell equations and PM material characteristics. The governing Helmholtz equation for magnet losses can be derived using


  B =  μ m   ( H + M )   



(5)






  ∇ × E = −   ∂ B   ∂ t    



(6)






  J = ∇ × H  



(7)






  J =  σ m  E  



(8)






  ∇ · B = 0  



(9)




where B is the magnetic flux density, E is the induced electric field using Faraday’s law, H is the magnetic field, J is the eddy current density in the magnet, and   μ m   and   σ m   represent magnet permeability and electrical conductivity, respectively. Applying Equations (6) and (7) along with boundary conditions gives


   ∇ 2  H =  μ m   σ m    ∂ H   ∂ t    



(10)







The skin depth is much larger than the typical magnet block dimensions under relatively lower frequencies. This removes the need for considering magnet eddy current reaction field effects. The majority of the models do not capture this reaction field, and are called resistance-limited models [14,15,16,17,18,19,20,21,22,23,24,25,26]. At relatively higher frequencies, the skin depth becomes important to the eddy current loss calculations. This causes a significant reaction field on the magnet and, as a result, the magnet losses vs. frequency flatten. A few analytical models that are referred to as skin-limited models capture this effect [6,27,28,29,30,31,32,33,34,35,36]. Given the high-frequency nature of modern motor drives, skin-limited models are more suitable. Another important factor is the excitation field distribution; this could be spatially homogeneous or non-homogeneous. Some of these models display accurate modeling of eddy current losses with reaction field under a spatially homogeneous field excitation [6,27]. A few studies are available that used analytical methods that capture the non-homogeneity of the excitation field in a 3D domain, both excluding the reaction field [37,38,39] and including it [40,41].



Accurate modeling of the stator field is equally important to properly model the field excitation source, which is spatially non-homogeneous. Analytical modeling of stator magnetic fields in electric machines has been largely improved in past decades. Stator field modeling techniques for slotless stators are summarized in [42,43]. For the slotted stators, the modeling methods include reluctance networks [44,45,46,47], conformal mapping [48,49], and subdomain and exact subdomain methods [50], where the subdomain methods are more commonly used. In most 2D analytical models, only the normal magnetic field component   H y   is considered as the source for eddy current loss. This results in eddy currents in the x-z plane, flowing in the x and z directions. In a typical PMSM, the magnet block experiences both normal (  H y  ) and tangential magnetic field (  H x  ) due to stator harmonics. Three-dimensional methods capture the effects of the magnetic field in all x, y, and z directions, which creates eddy currents in all x-z, x-y, and y-z planes, as shown in Figure 2. The depiction of eddy current paths here is only representative of the loop they flow in. The actual depth of penetration of the currents will depend on the magnet block dimensions and operating frequency.



Next, two forms of magnet loss expressions with different levels of complexity will be described. These will be applied in a simple study later in Section 2.3. A basic form of the equation, which considers a homogeneous magnetic field excitation through the magnet block, can be written using the iron-loss equations as [1]:


   P v  =    π 2   f 2   B m 2   a 2    6 ρ    



(11)




where f is the excitation frequency,   B m   is the mean flux density through the block in the y-direction, a is the magnet width, and  ρ  is the magnet resistivity. One limitation in this type of modeling is the failure to capture the skin effect, which will cause the losses to keep growing as the frequency increases. As the frequency increases, the magnetic field through the magnet block starts to fringe, which invalidates the homogeneous field assumption.



The 2D analytical model described in [6] finds the field solution to the governing Helmholtz equation:


    ∂  H  y  2   ( x , z )    ∂  x 2    +   ∂  H  y  2   ( x , z )    ∂  z 2    = j ω μ σ  H y    ( x , y )  )   



(12)




and uses


  J  ( x , z )  = ∇ ×  H y   ( x , z )   



(13)




to arrive at a spatial distribution of current densities in the x-z plane as


   J x   ( x , z )  =   8 a  γ 2  H   π 2    ∑  n = 1  ∞      ( − 1 )  m   λ m      ( 2 m + 1 )  2   β m      s i n h (  β m  z )   c o s h (  β m  b )   c o s  (  λ m  x )   



(14)






      J z   ( x , z )      = − γ H   s i n h γ x   c o s h γ a   +            8 a  γ 2  H   π 2    ∑  m = 1  ∞      ( − 1 )  m   λ m      ( 2 m + 1 )  2   β m 2      c o s h h (  β m  z )   c o s h (  β m  b )   c o s  (  λ m  x )      



(15)




where  γ ,   λ m  , and   β m   are parameters that can be calculated using skin depth, magnet width (a), and the spatial harmonic order (m). Compared to the simple loss equation, this method calculates the positional magnetic field and current density variation to capture the field non-homogeneity on the magnet. Current densities and material conductivity can be used to calculate the loss as in (16).


  P =   2 d  σ   ∫  0  a   ∫  0  b   J x    ( x , y )  2  +  J z    ( x , y )  2  d x d y  



(16)








2.3. A Comparison Study


Typical EV motor drives involve inverters with 10–20 kHz switching frequency and can create significant stator current harmonics up to a few times the switching frequency. Thus, it is useful to understand the eddy current losses generated in a magnet block under a wide range of frequency excitation before applying models to the motor application. In order to demonstrate key highlights of this behavior, two magnetic circuits with and without an airgap are used, as shown in Figure 3. These consist of two cut C-cores with a magnet placed in between. The C-core has the cross section dimensions shown in Figure 3, derived from a standard Metglass Amorphous core size to contain the flux path through the magnet block. For the gapped core on left, a gap of 16 mm (8 mm from each C-core) was taken out to place the magnet in the middle of the airgap. This leaves an airgap of 4.7 mm on each side of the magnet. For the ungapped core, only 3.3 mm was taken out from each core, to fit the magnet exactly between them. The magnet block dimensions are taken from a typical hybrid EV motor design [51] as 6.6 mm height, 19.1 mm width, and 30.5 mm depth on the z-axis. The motor in this reference is using sintered NdFeB magnets. Thus, the sample is assumed to have a representative electrical conductivity of 0.66 MS/m and relative permeability of 1.05. For the purpose of comparison, a pure sinusoidal excitation of 100 amp-turns is applied to the excitation coil in each circuit.



Figure 4 shows the loss comparison between the simple approach in (11) and the described 2D analytical method in [6] for the gapped-core magnetic circuit. As seen, the simple homogeneous assumption without skin effect is already predicting much higher losses in the frequency range of hundreds of Hz. The plot shows the predicted loss difference in the lower frequency range, where the 2D analytical model has not yet reached the frequencies that would permit skin effect.



Figure 5 gives a comparison of loss prediction between 2D analytical and FEA methods. Both models show the skin effect, which causes the loss rate to decline. At first, the magnet losses increase as the square of the frequency. When the frequency is large enough, the skin effect becomes significant, and the circuit moves from being resistance-limited to reactance-limited [18], causing the loss rate to flatten. Here, the increase is proportional to the square root of the frequency. The exact frequency at which this transition occurs will depend on magnet dimensions and magnetic circuit parameters. Roughly, it initiates around the frequency that makes  δ  = 2a, where a is the magnet width.



In the ungapped core magnetic circuit, the analytical model and FEA are close to each other. This circuit has a lower magnetic reluctance, which will generate a higher magnetic field and higher losses when the same excitation is applied. However, at higher frequencies, the magnetic circuit with an airgap shows lower losses from the analytical model than from FEA. This is caused by assuming a normal magnetic field (  H y  ) in the analytical model, a state that is less true than in the ungapped core because of flux fringing. Similarly, depending on the application, analytical models can vary in accuracy, despite faster calculation. A similar comparison is provided in [52], which compares increasingly complex analytical models with the FEA solution, and presents recommendations on which models are more accurate for a given excitation frequency.





3. Material Properties


PM material properties such as electrical conductivity and permeability influence eddy current loss behaviors. Although the NdFeB magnets are the more common choice in most modern PM motors, other magnets such as Sm-Co magnets are preferred in some motor applications, where a higher temperature rating is required. Alnico magnets with inherently lower coercivity are less popular now in motor applications due to the superior rare-earth magnets, although, new grades of Alnico magnets are still used in some motor designs. When it comes to manufacturing, NdFeB magnets have two production methods: sintered and bonded. In the case of a sintered magnet, the pulverized material is heat treated to form the required shape, while in the bonded magnets pulverized particles are mixed with a polymer and formed using injection molding or a similar process. Sintered NdFeB magnets have varying electrical conductivity from around 0.5 MS/m to 0.9 MS/m, depending on the material grade and manufacturing process, while providing a relative permeability of around 1.05. Figure 6 shows the eddy current loss variation of sintered NdFeB magnets based on their conductivity. The same gapped magnetic circuit was used as in Section 2.3. The lowest magnetic conductivity, although it has lower losses at relatively lower frequencies, ends up generating more losses at higher frequencies.



Next, the loss variation due to the difference in PM permeability is investigated using a few grades of bonded NdFeB magnets. They exhibit a wide range of permeability values while the conductivity is consistently an order of magnitude lower compared to sintered magnets. Figure 7 shows the loss behavior of three different classes of bonded magnets with the same electrical conductivity of 0.01 MS/m and varying permeability. Due to the lower conductivity, the loss saturation takes place at a much higher frequency than in the sintered magnet. Thus, the effect on losses due to permeability variation is minimum within available bonded NdFeB magnet grades.



An overall comparison is conducted next. The comparison in Figure 8 shows the eddy current losses of magnet blocks of the same dimensions with different materials subjected to the same current excitation. As shown in Table 1, the electrical conductivity largely varies between the available types of magnet, and the permeability difference is relatively low. As for other familiar magnet types, ceramic magnets are not included here due to the huge electrical resistivity it displays. For a given magnet block size, the material properties result in better loss characteristics for certain frequency ranges. Although the magnet material, manufacturing method, and their grade impact magnet eddy current losses, the selection of material is governed by specifications such as remnant flux density (  B r  ), maximum energy product (  B  H  m a x    ), coercivity (  H c  ), and temperature ratings. Thus, in most cases, the physical properties of the magnet are typically a lower priority in design consideration.




4. Segmentation Effects


Magnet segmentation is the prevailing strategy to cut down magnet eddy current losses in PM machines. The main idea behind segmentation is to build up the effective resistance of eddy current paths, such that the losses will effectively decrease. This method reduces losses when the excitation frequencies are relatively lower and the skin effect has not taken effect. Several analytical models describe how to analyze magnet segmentation in PMSM loss models [1,6,16,23].



First, the focus will be on circumferential segmentation. In a typical PM motor drive with a voltage source inverter (VSI), the excitation harmonics will be voltages, which will naturally dampen the losses corresponding to high-frequency harmonics by reactive impedance. Although, to provide a simplified explanation of circumferential segmentation, the same FEA magnetic circuit from Section 2.3 is used here with constant current excitation. As can be seen from Figure 9, the skin effect reverses the loss reduction expected by circumferential segmentation, also known as the anomaly of segmentation [1]. Because of this, the segmentation corresponding to the lowest eddy current loss depends on the frequency of interest. For this particular magnetic circuit, any level of segmentation is effective in reducing losses due to harmonics below 30 kHz. In an EV drive, this frequency range will correspond to the PWM harmonics from the inverter. Usually, the stator harmonics due to the slots will be of much lower frequency and will be effectively reduced by segmentation, although the loss magnitude may be small.



Axial magnet segmentation is frequently found in PMSMs. In a relatively longer stack length motor, the level of axial segmentation can create differences in the eddy current reaction field due to the available eddy current path. This can demonstrate anomaly of segmentation, as will be discussed with an example in Section 5. Overall, the effective loss reduction due to magnet segmentation depends on many factors such as the spectrum of harmonics, magnet dimensions, magnetic circuit, and magnet material, and cannot be determined without a detailed look into the particular PMSM drive subsystem and operating conditions [6,14,16,23,54,55,56].



The contact resistance between the segmented magnets is studied in [57]. It analyzes the component level factors contributing to the effectiveness of segmentation such as the stress between the bonded sintered magnet segments. The results validated that the eddy currents pass through the contact when the compressive force is large, highlighting the importance of manufacturing precision.




5. Rotor Types


There are mainly three rotor types that are used in PM motor designs: surface, interior, and inset. The EV industry is highly focused on interior permanent magnet (IPM) motors due to a variety of reasons including variable speed profiles, requirements for field weakening, and fault tolerance. Some applications that demand constant load profiles, such as aerospace, prefer surface-mount permanent magnet (SPM) motors. Depending on the rotor type, studies show that flux variation on the magnet can vary. FEA results in [58] demonstrate that in low-frequency SPM (<1 kHz), the mid magnet sections experience lower field variation compared to a magnet section facing the airgap. In higher frequency harmonics, the field typically penetrates the entire magnet depth. Due to this reason, the percentage of magnet eddy current losses due to slot harmonics in SPM will be higher than in IPM.



Unlike in SPM, the IPM magnets are buried inside the rotor iron and are not directly exposed to the stator mmf variation by slot harmonics. Although, the PWM harmonics will clearly penetrate the magnets and will create eddy current losses in both cases of IPM and SPM. The analysis in [59] shows the eddy current paths in SPM magnets flow in small loops, which corresponds to the slot openings as shown in Figure 10. This is different in the case of IPM, where the eddy currents flow in a larger loop that covers the entire magnet. While carrier harmonics losses are almost the same for both, the SPM shows significantly higher losses due to slot harmonics at this given loading condition. The authors use an equivalent magnetic circuit to identify the main source of magnet losses in IPM; the main reason being the variation in magnetic path, where the permeance distribution in SPM is almost uniform. Thus, the main source for SPM magnet losses is deduced to be the regional variation of the flux density due to stator slot opening.



An example of total magnetic field decomposition for different rotor types into magnetization flux, armature flux, and reaction flux is presented in [60]. It shows that the ratio of reaction field to total flux is relatively large in IPM. Rotor iron next to the magnet block on each side of IPM makes the skin effect stronger and it causes the anomaly of segmentation to occur for the carrier harmonic frequencies. Magnet eddy current loss versus the axial segmentation in Figure 11 shows the continuously decreasing losses for increasing segmentation for both rotor shapes under slot harmonics. Expectedly, the carrier harmonics affect the two rotors differently. While the SPM total magnet losses decrease continuously with axial segmentation, the losses in IPM and inset PM rotors peak at a certain segmentation before it starts to decrease.



Although the SPM does not show the anomaly under these particular design and operating conditions, the analysis of SPM magnet eddy current losses in [1] shows the same anomaly in segmentation at slot harmonic frequencies for a locked rotor test.



Magnet eddy current losses are highly sensitive to the stator-rotor geometry. Optimizing the teeth shape to reduce the magnet eddy current losses is discussed in [61]. Various other modifications have been proposed such as flux barriers blocking either d or q axis flux [62] and adding grooves on rotor surface to reduce the harmonic content [63] from stator mmf.




6. Stator and Winding Type


Understanding the magnet loss behavior requires knowledge of the stator winding configuration: concentrated vs. distributed, in addition to the operating frequency, current angle, and loading. A comparison of two identical IPM rotors, each with with a distributed vs. concentrated stator is presented in [59]. As the increasing current angle reduces the operating torque, the magnet eddy current losses vary as it changes the amount of stator flux coupling with magnets. Total magnet eddy current losses are more than ten times larger for concentrated winding compared to the distributed due to large slot harmonics. Only a minor loss difference exists between the two under the carrier harmonics. For the distributed windings, loss due to slot harmonics is much smaller than that from carrier harmonics. The FEA figures show the deep penetration of slot harmonic fields to the rotor in a concentrated machine, due to wide slot pitch, while the same in distributed machine exists at the rotor surface. A comparison of magnet eddy current losses between three winding methods of fractional slot concentrated windings is presented in [15]. It investigates three possible winding methods for a 12 slot/10 pole stator with a surface PM rotor that utilizes the same stator mmf for torque production. The results show the different harmonics contributing to losses in ‘all teeth-wound’ and ‘alternate teeth-wound’. The losses are highest for the ‘alternate teeth-wound’ design with wider stator teeth. Employing the same slot/pole combination and a new winding pattern involving a different number of turns per coil side, Ref. [64] shows the magnet eddy current losses can be reduced by 80% compared to the previous base design. This is done by minimizing the space harmonics that contribute significantly to the magnet losses in a concentrated winding machine.



Modifications of rotor shapes have been performed to optimize the operation under given winding configurations. An analysis of a fractional slot IPM for loss minimization is presented in [62] with a comparison between four rotor design modifications. A slit in the rotor as a flux barrier in the q-axis generates the lowest magnet losses. The loss behavior and loss reduction effects for two motors with fractional slot numbers are investigated in [14], which analyzes a three-phase external rotor machine and a six-phase fault-tolerant machine. It shows loss reduction effects in a three-phase machine with a fault-tolerant stator than in the six-phase external rotor machine. A novel structure of SPM with damping rings is proposed in [65] to reduce eddy current losses in magnets and rotor sleeves. The trade-off between different slot/pole combinations and the loss reduction effects by multi-layer winding in fractional slot machines are shown in [66].




7. Other Considerations in Loss Reduction


As discussed, the carrier harmonics from the inverter contribute to the magnet eddy current losses, based on the stator–rotor design. The study in [67] proposed modifying the magnet shape along with the employed PWM technique to reduce the harmonic content in the back-emf waveform, which can reduce harmonic content. A similar idea is followed in [63] by adding grooves to the rotor iron while optimizing with the PWM technique to reduce the harmonic content. Variation of magnet and other loss components based on switching frequency and the inverter topology is discussed in [68], which shows the slight loss reduction from two-level to three-level inverter topology. A study was done with a two-level inverter using three types of switching devices [69]: Si IGBT (10 kHz), GaN (30 kHz), and SiC (30 kHz), that shows the harmonics distribution under three cases that cause much lower PM eddy current losses in high switching frequency inverters.



A major goal of reducing magnet losses is to limit rotor heating, which could potentially lead to magnet degradation. The heat transfer and contact resistance between the magnet block and the rest of the rotor are important to make sure the magnets are able to dissipate the heat to the entire magnet quickly without creating a local hotspot [70,71]. Thermal analysis of an IPM is conducted in [72] by considering the contact resistance of magnets. Analysis of the insulation between divided magnet segments is presented in [32], which shows the impact of insulation layer resistivity on magnet loss composition.




8. Validation and Tests


Although a large number of articles discuss the analysis and modeling techniques of magnet eddy current losses in PMSMs, studies with validation results are limited. The methods of validation used involve both calorimetric and loss segregation from electrical measurements. Calorimetric methods use the following simple relationship between the generated loss (  Q ˙  ), temperature (T) rise of the magnet with time (   d T   d t   ), magnet mass (m), and the specific heat capacity of magnetic material (  C p  ).


   Q ˙  = m  C p    d T   d t    



(17)







Most of the calorimetric experiments are conducted at the component level, using a simple magnetic circuit to create a high-frequency magnetic field across the magnet [32]. In a well-insulated environment, the initial gradient is assumed to be maintained for a measurable time, during which the gradient is determined. This allows us to clearly see the differences in loss generation under a single frequency excitation across segmented and unsegmented magnets [6,60]. Measurement of magnet temperature, while it is attached to the rotor as reported in [30,73], can be subjected to a few challenges such as the accurate prediction of thermal resistance and rotor-specific heat. A different method is followed in [13,74], where the authors use the back-emf reduction due to heated-up magnets as a primary measure. The entire motor is heated up in an oven and the effects on winding resistance are considered to calculate the voltage constant of the motor. The initial temperature rise of magnets is used to calculate the losses.



The magnetic field of the circuit was measured using a coaxial double coil in [58], where the field input is then used to calculate the losses. Similar field measurements in magnetic circuits were used in [75] to validate losses against 3D FEA results. Both static and rotary tests were conducted using a concentrated winding stator in [76]. The loss calculation was done by subtracting other losses from total input electrical power, although this highly depends on the accuracy of other loss models. Similar measurements with power balance and loss segregation calculations are reported in [19,39].




9. Conclusions


This paper summarized selected work on the analysis, reduction strategies, and validation of magnet eddy current losses in PMSMs, aiming to provide motor designers with considerations for rotor design. Strengths and accuracy of magnet loss modeling methods were discussed. A variety of factors affecting magnet losses in a PMSM, such as material properties, rotor shapes, and winding/stator design are summarized, with simple demonstrations using FEA. The most common magnet loss reduction strategy is magnet segmentation, which is dependent on the excitation frequency and magnet dimensions. Validation of the magnet losses in the literature is done using both calorimetric and loss-segregation methods. While the calorimetric method provides direct measurements of losses dissipated as heat losses, the loss segregation method relies upon the accurate estimation of other loss components of the machine. Overall, the magnet sizing and design in PMSMs should consider the inverter switching frequency, spatial harmonics, and rotor/stator topology, as well as PM material characteristics. Detailed PM rotor designs require weighing all these factors to minimize rotor losses and improve motor performance.
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Figure 1. (a) Theoretical BH curve of a PM; (b) measured recoil curves of a NdFeB sample at 120 °C [3]; (c) measured minor hysteresis loops in a magnet at room temperature [4]. 
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Figure 2. Sources of eddy currents and their paths. 
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Figure 3. Two-dimensional FEA models: gapped core (left) and ungapped core (right) to analyze magnet losses. 
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Figure 4. Comparison of loss vs. frequency between analytical models. 
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Figure 5. Comparison of loss vs. frequency between analytical and FEA models. 
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Figure 6. Magnet eddy current losses vs. frequency for sintered NdFeB classes (same isotropic relative permeability of 1.05 assumed). 
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Figure 7. Magnet eddy current losses vs. frequency for bonded NdFeB classes (same conductivity of 0.01 MS/m assumed). 






Figure 7. Magnet eddy current losses vs. frequency for bonded NdFeB classes (same conductivity of 0.01 MS/m assumed).



[image: Energies 15 06116 g007]







[image: Energies 15 06116 g008 550] 





Figure 8. Magnet eddy current losses vs. frequency for a few selected magnet types. 
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Figure 9. Magnet eddy current losses vs. frequency for different circumferential segmentation. 
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Figure 10. Eddy current paths associated with different harmonics at 300 A and  β  = 60   ∘   [59]. 
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Figure 11. Magnet eddy current loss vs. segmentation for an example slot and carrier harmonic [60]. 
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Table 1. Common magnet types and their properties [53].
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	Material
	    μ r    
	  σ   (MS/m)
	   B r    (T)





	NdFeB Bonded (BN10)
	1.26
	0.01
	0.7



	Alnico 5
	1.5
	2
	1.0



	Sm-Co
	1.1
	1.16
	0.8–1.15



	NdFeB Sintered
	1.05
	0.66
	1–1.5
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