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Abstract: A low-loss and lightweight core material, with applications in electrical machinery, is made of highly packed and insulated
magnetic microwires (MWs). These MWs are aligned in such a way as to guide the flux in the rotor/stator, with the ultimate goal of
increasing efficiency and substantially reducing core losses. Commercial Fey, NiogCo;7-based MWs with a 127 ym diameter and
a 33 pm insulation coating are utilized. The magnetic measurements of the fabricated sample demonstrate high permeability and
low core loss in a wide range of frequencies. To prove the utility of this type of material, we used it in the rotor core of a prototype
25 Watt three-phase synchronous reluctance machine (SyncRM). The core is lighter, and the losses are significantly lower than in

conventional core materials under the same torque density.

1 Introduction

Since rare-earth Permanent Magnet (PM) materials are expensive
and scarce, Synchronous Reluctance Machines (SyncRMs) [1] have
emerged as a promising alternative to PM machines for traction
applications [2—4]. SyncRMs have a simple control drive, no rotor
slip losses, inherently smooth and quiet rotation, better efficiency
and torque density but a lower power factor in comparison with
Induction Motors (IM) [5, 6].

There are two general types of SyncRM: transversely laminated
anisotropic and axially laminated anisotropic [6]. The latter have
higher torque density, a higher power factor, and higher efficiency
due to a high saliency ratio (i. e. the ratio of the direct axis inductance
to the quadrature axis inductance). On the downside, axially lam-
inated anisotropic machines require a more complicated assembly
process.

Silicon steel is widely used in electrical machines as a soft mag-
netic material because of its high flux density and low cost. However,
alternative new materials with lower loss than in silicon steel are
highly desirable.

The core loss consists of hysteresis loss Fyys, eddy current loss
Pe.qq, and excess loss Pexc. The hysteresis loss stems from the
domain wall motion [7, 8]. At moderate and low frequencies of sinu-
soidal magnetic field excitation the eddy current loss per unit volume
is Pogg = (mDfBmax)?/(pfB), where p is the resistivity, D is the
thickness for laminations or diameter for cylinders and spheres, and
[ is a geometrical factor equal to 6, 16, and 20 for laminations, cylin-
ders and spheres, respectively [9]. To substantially reduce the eddy
current loss, very thin laminations are required, which significantly
increases the cost.

Hysteresis is the main loss mechanism at low frequencies. How-
ever, it is known [10-14] that when the grain size increases, the
hysteresis loss decreases (Fpys o< w™ !, where w is the grain size).
For a fixed material dimension, when the grain size increases, the
number of grain boundaries decreases. This means less external
field is required to align the domains and hence the hysteresis loss
decreases. The grain boundary is the source of magnetic charges and
consequently the demagnetizing field. This internal field impedes the
domain wall movement [15]. Therefore, there is an optimal grain
size for which the total loss is minimized — typically in the range
of 100 pm to 200 pum for grains with a low to medium Si con-
tent [10, 16]. For grains with a high Si content (i.e. higher resistivity)
the optimum grain size increases [14].
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In recent years, nanocrystalline soft magnetic alloys have
emerged as promising alternative materials, with low core loss,
low magnetostriction, good thermal stability, and high permeabil-
ity [17-21]. Of all nanocrystalline soft magnetic alloys, amorphous
Co-based and Fe-based nanocrystalline materials exhibit superior
characteristics [18, 19, 22]. FeNiCo has high saturation magneti-
zation (2.1 T), low coercivity, low magnetostiction, and high per-
meability even at high frequencies [23, 24]. Herzer [18] proposed a
Fe74Cu;Nb3SizB,_7 alloy as a soft magnetic material with high
saturation magnetization, high permeability, good high frequency
behavior, low-losses, and good thermal stability. Recently, Suzuki
et al. [25] proposed a new magnetic material based on nanocrys-
talline FegsB13Ni2. This material has high saturation magnetization
of 1.9 T and low core losses, with the coercivity field 4.6 Am~ L.
Similar results are obtained for FeNbB [26] and FeCo-based [27]
alloys.

In rotating electrical machines, the core material experiences a
high temperature and a high magnetic field. That is where strain
responses to temperature and the magnetic field, known as ther-
mal expansion and magnetostriction, respectively, play a key role.
Any strain (shrink or stretch) of the core material can strongly affect
the performance of electrical machines [28-31]. For example, if the
rotor/stator core material stretches, then the air gap narrows and
consequently the torque ripple, noise and vibration increase. There-
fore, ideally the material should have low thermal expansion and
magnetostriction to minimize the stress effects.

Recently, a SyncRM based on a dual-phase material was pro-
posed [32]. In such a material, the bridge and center post regions
are made of non-magnetic materials and the rest of the lamination is
magnetic. The SyncRM made of a dual-phase material exhibited a
higher power density and constant power speed ratio in comparison
with the conventional one.

The objective of our work is to demonstrate the feasibility of the
commercial nanocrystalline materials and their applications in the
design of low-loss electrical machines. The composite provides an
array of microscale magnetic flux paths. The MW-based material
offers very low core losses and a high permeability over a wide range
of magnitudes of applied fields.

The paper is organized as follows. The experimental setup and
measurement results of a MW-based material are presented in sec-
tions 2 and 3, respectively. The performance of a SyncRM with
the MW-based material is simulated and compared with that of a



Polymer to hold the aligned MWs

Fig. 1: A sample based on aligned Fep,,NiggCo17 MWs. The sam-
ples width, length, and height are 6.5 mm, 10.5 mm, and 4.5 mm,
respectively.

similar conventional material in section 4. Finally, a summary and
conclusion are given.

2  Experimental setup

We chose to work with the Fep, NiogCoj7 alloy because it is avail-
able as commercial wires. (There are also other elements in the
chemical composition with less than 1% of the alloy weight.) The Ni
and Co contents are 29% and 17%, respectively. The 53% remainder
of the alloy weight, which is presented as abbreviation of balance, is
made of Fe.

We recently developed a new technique to align ferromagnetic
MWs in either straight or curved shape, suitable for the rotor and
stator geometry. The commercial MWs have a 33 mm layer of a
polyimide coating, which electrically insulates the bundled wires.
The melting temperature of polyimide is 240 °C, which is high
enough for a core material in rotating electrical machines.

Two samples based on the MWs are fabricated to measure their
magnetic properties. To fabricate the composite, we made polymer-
based sample casts using 3D printing technology. To ease the
handling process of such thin wires, we wrapped the MWs around
polymer-based plates with the same length as the samples. Then, we
formed bundles of MWs after making a cut at each end of the plate.
We later placed the bundles into the casts where a low-viscosity
adhesive super bonder serves as a non-magnetic matrix.

A fabricated sample of highly packed MWs made of
FepaNiggCo17 is shown in figure 1. The diameter, inter-wire dis-
tance, and length of the MWs are 127 um, 155 pm, and 4.5 mm,
respectively. The width, length, and height of the samples are
6.5 mm, 10.5 mm, and 4.5 mm, respectively. The weight, wire
volume fill factor, and density are 1.4 g, 0.38, and 4600 kg/m3,
respectively.

The method introduced by Thottuvelil et al. [33] is used to mea-
sure the magnetic characteristics of the samples. Based on this
method, the magnetic field intensity H and the magnetic flux den-
sity B are measured by the primary winding current and the voltage
across the secondary winding, respectively. The method is sensitive
to the phase discrepancy between the measured current and volt-
age at high frequencies, which causes an error. However, since the
operating frequency in our application is very low, this technique
is utilized here to measure the core loss and the hysteresis loop at
different frequencies.

The experimental setup is illustrated in figure 2. Two samples
based on the proposed composite are fabricated. The samples are
sandwiched between two nanocrystalline C cores with primary and
secondary windings. The cross-sectional area, inner and outer diam-
eters of the C cores are 10 mm X 6 mm, 45 mm, and 55 mm,
respectively. The nanocrystalline C core data sheet is shown in
table 1.

3 Measurement results of a MW-based Material

To properly characterize a material, the hysteresis loop at different
frequencies is needed. Two different measurement cases are consid-
ered to separately derive the magnetic properties for the testing C
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Fig. 2: Schematic of the experiment setup to measure the hysteresis
loop and core loss of the testing C cores a) without, and b) with the
samples. c) Experimental setup.

cores and samples. In the first case, the hysteresis and core loss are
measured for only the testing C cores without the samples between
them. In the second case, the hysteresis and core loss are measured
when the samples are placed between the testing C cores. Finally,
the core losses of the testing C cores with and without samples are
subtracted to obtain the samples losses.

First, we need to characterize the properties of the testing C cores
themselves, without the samples. To this end, two testing C cores are

Table 1 Nanocrystalline cores data sheet [34]

Parameter Experimental condition value
Saturation induction (T) 1.25
Residual induction (T) 20 kHz <0.2
Core loss (W/kg) 20 kHz, 02T <34
Core loss (W/kg) 20 kHz, 05T <3
Core loss (W/kg) 50 kHz, 0.3 T <4
Relative permeability 20 kHz >20000
Coercivity (A/m) 20 kHz <1.6
Saturation magnetostriction 2.1076
Resistivity (u€2-cm) 80

Curie temperature (°C) 570
Stacking factor 0.7
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placed in direct contact to form a toroidal core. A sinusoidal wave
is applied to the primary winding of the C cores using a high power
AC source. From Ampere’s law, the testing C cores magnetic field
in figure 2(a) is
Npip(t
He-core() = l"—'”() M
C-core
where Np is the number of primary turns, p is the primary current,
and Ic_core s the effective length of the toroidal. Using Faraday’s
law, vs = Nsdi¢, we get the average flux density in the cores

1 t
B(t) = 7NsAeff Jo vs(7)dr 2)

where Ny is the number of secondary turns, A is the effective
cross-section area of the C core, and v is the secondary voltage. For
a uniform flux density B throughout the entire volume, the hysteresis
energy loss is

Wm:véHdB 3)

where v is the effective volume of the core. Moreover, at an oper-
ating frequency f, there are f hysteresis loops per second, so by
substituting (1) and (2) into (3), one expresses the core power loss in
the testing C cores as

T
dB(t
Pecore = 'UfJ Hc core (t) ( )

= at
0 dt

1 T
= ), wwnma @

where T is the time cycle and vp is the primary voltage. The mea-
surements are performed using an Op-Amp based integrator and an
analog multiplier chip.
From the hysteresis curve of the testing C cores, the relative
permeability is
Bc-core (5)
HoHc core

Note that the C cores and samples have the same average cross-
section area. However, in the samples, the flux density is averaged
over the whole bunch of wires, including the bonding substance.

When the samples are placed between the C cores as in figure
2(b), we solve the simple magnetic circuit using Ampere’s law

HC-core =

Npip = HC—CoreLC-core + HsampleLsample =

Lc_ 2Lsam le
—= BC—core + e Bsample (6)
HOHC-core 0 Hsample

Here Lgample is the sample length, Le_core is the effective length of
the C cores, Bgample is the sample magnetic field density, Bc._core 18
the core magnetic field density. Using the magnetic flux continuity
condition at the interface between C cores and samples, the relative
permeability of the new composite is

2L sample B sample

@)

Hsample = Biample Lc-core

Ho szp - HC-core

The measured hysteresis loops are shown in figure 3(a) for three
different frequencies: 250 Hz, 500 Hz, and 1 kHz. In this figure,
the black curve shows the relative permeability at 1 kHz for the C
cores, with saturation at 1.23 T (very close to 1.25 T given in the data
sheet, Table 1). Furthermore, the red, purple, and green hysteresis
loops are obtained when the samples are sandwiched between the
C cores at 250 Hz, 500 Hz, and 1 kHz, respectively. As seen, the
hysteresis loops for all three frequencies are quite similar, with a
high saturation magnetization of 1.1 T and low hysteresis loss for
all three frequencies. However, in comparison with the cores (black
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Fig. 3: a) The measured hysteresis loops at different frequencies.
The blue and black curves correspond to the C cores at 1000 Hz with-
out and with a 4.5 mm air gap between them, respectively. The red,
purple, green curves correspond to samples sandwiched between C
cores at 250 Hz, 500 Hz, and 1000 Hz. b) Losses in the samples per
frequency (Pample/ f) as a function of frequency at three different
flux densities 0.5 T (asterisks), 0.7 T (circles), and 0.9 T (triangles).

curve), the samples show an 8% lower saturation magnetization and
require a higher magnetic field to saturate. A linear blue curve is
obtained when there is a 4 mm air gap (whose width is equal to the
height of the samples) between the C cores at 1 kHz (see figure 3(a)).

Figure 3(b) shows the sample losses per frequency (Psample /=
KhysBl'6 + Keddf32 + Kexcf0'5B1'5) as a function of frequency
at three different flux densities: 0.5 T, 0.7 T, and 0.9 T. Clearly,
the loss increases with the flux density and frequency. At frequen-
cies below 500 Hz the losses increase slightly when the frequency
increases; the hysteresis loss is dominant. However, when the fre-
quency doubles from 500 Hz to 1000 Hz, the losses are doubled
in all three cases. This indicates that the eddy current losses are
considerable.

In Table 2 the core losses of the conventional M19-grade mate-
rial are compared with the proposed MW-based material at different
frequencies and magnetic fields. The M19-grade lamination thick-
ness is 0.36 mm. The MW-based material shows low core losses
at all frequencies and fields. For example, at 50 Hz, the losses
in M19-grade are 0.31 W/kg and 0.83 W/kg, as compared with
0.03 W/kg and 0.17 W/kg for the MW-based material at 0.5 T and
0.9 T, respectively. Also, at 1000 Hz, the MW-based material has
one sixth core loss at 0.5 T compared with the M19-grade. The low
loss at high frequencies makes Fey, NiagCo17 MW-based composite
a promising material in electrical machines for high speed applica-
tions. Moreover, the MW-based material is almost 40% lighter than
conventional silicon steel, which is a remarkable reduction.

The MW diameters are in the range of the optimal grain size,
minimizing core losses as a trade-off between hysteresis and eddy
current losses [10, 16].



Since the hysteresis loops for the sample at all three frequencies
250 Hz, 500 Hz and 1 kHz are quite similar, we derive the perme-
ability only for the 1 kHz case (figure 4). In this figure, the asterisks
and circles show the relative permeability at 1 kHz for the C cores
and the samples, respectively. The relative permeabilities of the sam-
ples are high (around 1000) in a wide range of external fields. These
results suggest that MW-based materials can be used as an alterna-
tive in rotating electrical machines, where high permeability and low
loss are highly desirable.

4 Simulation results of a MW-based SyncRM

The MWs create the desired magnetic flux paths for the flux gen-
erated by the stator. The flux passes through the rotor, and torque
is generated through the magnetic reluctance phenomenon. Finite
element analysis™ is used to study a SyncRM for rotor core mate-
rial made of FeyyNiggCoy7. Figure 5 shows the simulation model
of a MW-based SyncRM. Parameters used in the simulation are
presented in table 3. The numerical setup is discussed in appendix
7.1.

The rotor core is made of the MW-based material whose magnetic
properties are given in section 3. There is a flux barrier between the
MWs. The thin wires guide the flux in their direction of alignment.
A low permeability perpendicular to the MWs is created because
of the proposed structure. The flux barriers and the aligned MWs
provide an anisotropic material in the rotor which causes a reluc-
tance torque. The induced phase voltages are shown in figure 6. The
obtained torque is 0.16 Nm, with a ripple of 37%.

Figure 7 shows the rotor losses of the SyncRM based on the MW
material. The average total (black curve), hysteresis (red curve),
eddy current (blue curve), and excess (purple curve) losses are
11.5 mW, 7.8 mW, 3.5 mW, and 0.2 mW, respectively. The excess

*Commercial software ANSYS Maxwell is used in this paper to
simulate the SyncRM. Such identification is not intended to imply rec-
ommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the software identified is

necessarily the best available for the purpose.

Table 2 Core loss comparison between M19-grade [35] and the MW-based
material at different frequencies. M19-grade is silicon steel with lamination
thickness 0.36 mm

Freq (Hz) M19-grade (W/kg) [35] MW-based material (W/kg)

50 0.31 (@0.5T),0.83(@0.9T) 0.03(@0.5T),0.17 (@0.9T)
200 25(@0.5T), 85 (@0.9T) 0.28 (@0.5T), 1.43 (@0.9T)
500 9.4 (@0.5T),26.5(@09T) 0.88 (@0.5T), 3.53 (@0.9T)
1000 18.9 (@0.5T),58.4 (@0.9T) 297 (@0.5T),14.33 (@0.9T)

Table 3 Parameters used in the SyncRM numerical simulation

Parameter value
Number of phases 3
Number of poles 4
Number of slots 12

Stator outer diameters 41.6 mm
Rotor outer diameters 40.6 mm
Air gap length 0.5 mm
Stack length 35 mm
Rated rotational speed 157 rad/s
Rated output power 25W
Line voltage 200V
Frequency 50 Hz
Line current 0.2A
segment thickness 0.48 mm
barriers thickness 0.12 mm
Number of segments 19

Stator material M19-grade
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Fig. 4: Relative permeability calculated from the measured hystere-
sis curves (see figure 3). Black circles: C cores; red stars: samples.
Frequency 1000 Hz.

Fig. 5: 2D representation of a 25 Watt SyncRM. Parameters used
in the simulation are presented in table 3. The strips are MWs. To
consider the MWs insulation coating, flux barriers are introduced
artificially between the MWs.
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Fig. 6: Induced phase voltages of the MW-based SyncRM. The
frequency is 50 Hz.

loss obtained from (9) is very small. The core loss calculation in the
numerical analysis is explained in appendix 7.2.

The TLA type rotor is the most popular one in SyncRM. There-
fore, a conventional TLA type rotor is compared with the proposed
rotor. The rotor in figure 5 is replaced with a TLA type rotor based on
the M19-grade material as shown in figure 8. The rotor dimensions
are illustrated in table 4. The same stator is used in both conventional
and new machine. However, a 12% higher stator current is applied in
the conventional SyncRM to obtain the same torque compared with
the proposed motor. That is because the ribs and bridges consider-
ably reduce the saliency ratio in the conventional TLA type rotor.
The induced phase voltages are shown in figure 9. The obtained
torque ripple is 29%. The average total (black curve), hysteresis (red
curve), eddy current (blue curve), and excess (purple curve) losses
are 128 mW, 74 mW, 42 mW, and 4 mW, respectively, as demon-
strated in figure 10. As seen, under the same torque, the loss is 11
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Fig. 7: Numerical results of the total core loss (black curve), hystere-
sis (red curve), eddy current (blue curve), and excess (purple curve)
losses in a 25 Watt SyncRM rotor based on Fep, NiggCo17 material.
The frequency is 50 Hz.

Fig. 8: 2D representation of a conventional TLA type SyncRM
based on M19-grade. The rotor dimensions are shown in table 4.
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Fig. 9: Induced phase voltages of the conventional SyncRM. The
frequency is 50 Hz.

times higher in the conventional rotor compared to the proposed
rotor.

The saliency ratio, power factor, and power density are shown in
table 5. (the stator resistance is neglected). The weights and dimen-
sions of materials are scaled up to calculate the power density of
the rotors. The proposed rotor is highly anisotropic and eliminates
the tangential and radial ribs. The high numbers of microscale flux
paths in the new rotor provide a higher saliency ratio and a higher
power factor compared with the conventional SyncRM. The reluc-
tance torque depends on the saliency ratio and is directly related
to the magnetizing inductances. Consequently, the MW-based rotor
shows a higher reluctance torque per given current, while greatly
decreasing the core loss. Since, the MW-based rotor is lighter and
requires a lower current for the same torque, it provides a higher
power density compared with the conventional rotor.

The core loss distributions of the MW-based and conventional
SyncRM rotors are shown in figures 11(a) and 11(b), respectively.
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Fig. 10: Numerical results of the total loss (black curve), hystere-
sis (red curve), eddy current (blue curve), and excess (purple curve)
losses of the conventional SyncRM. The frequency is 50 Hz.

The MW-based rotor has high losses at the outer segments of the
rotor and at both ends of the MWs. On the other hand, the conven-
tional SyncRM rotor has high loss in a large part of the rotor. Figure
11 shows that the proposed rotor has lower core loss compared with
the conventional TLA type rotor.

The loci of the flux density, in the tangential and normal plane to
the rotor segments, provide an insight into the rotor core loss due
to the rotational and DC components of the flux density. Figures
12(a) and 12(b) show the loci of the flux density at the rotor’s mid-
dle segment (point A in figures 5 and 8) and outer segment (point
B in figures 5 and 8), respectively. The dq transformation is used to
plot the fluxes at points A and B. The results demonstrate the pres-
ence of rotational magnetic flux densities. For the MW-based rotor,
both figures present large and small DC components for B; and Bn,
respectively, since the MWs are highly anisotropic. The large By,
for conventional SyncRM in figure 12(a) is due to the g-axis flux
linkage caused by the radial ribs. Higher magnitudes of flux den-
sities for both the tangential and normal components are observed
in the conventional rotor compared to the magnitudes of B; and
By, in the MW-based rotor. The higher magnitudes of flux densi-
ties with large DC components in the conventional rotor compared
to the MW-based rotor result in a higher core loss.

Table 6 exhibits the performance of the proposed and conven-
tional SyncRM at three different speeds. The MW-based SyncRM

Table 4 Dimensions of the conventional SyncRM rotor used for numerical
simulation. Refer to figure 8 for the parameter definitions

Parameter value
Number of phases 3
Number of poles 4
Number of barriers 4

Rotor outer diameters 40.6 mm
Air gap length 0.5 mm
Stack length 35 mm
Bridge thickness, H 0.5 mm
Rib width, W 0.6 mm
Barrier bottom minimum radius, Rb 8.9 mm
Barrier bottom thickness, BO 1.5 mm
Barrier fillet radius, R 0.1 mm

Yoke bottom thickness, YO 2 mm
Rotor material M19-grade

Table 5 Saliency ratio, power factor, and power density of the conventional
and MW-based SyncRM.

Motor saliency ratio  power factor  power density (W/kg)
Conv. SyncRM 2.62 0.43 65.5
MW-based SyncRM 6.3 0.63 91
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Fig. 11: Core loss distribution in the a) MW-based rotor and b)
conventional SyncRM rotor.
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Fig. 12: Loci of the flux density (By, vs Bt) at a) the middle segment
of the MW-based and conventional rotors (point A in figure 5 and 8)
and b) the outer segment of the MW-based and conventional rotors
(point B in figure 5 and 8).

Table 6 Torque and losses at different speed for both the proposed SyncRM
and conventional SyncRM.

Type of SyncRM Speed Torque rotor loss stator
(rpm) (mNm) (mW) loss
(mW)
Proposed 1500 160 11.5 349
Conventional 1500 160 128 382
Proposed 4500 55 28 400
Conventional 4500 54 260 450
Proposed 6000 40 50 500
Conventional 6000 38 500 650
Table 7 Mechanical properties of the materials.
Material Tensile Yield Young’s Poisson’s  Density
Strength  Strength Modulus  Ratio (kg/m?)
(MPa) (MPa) (GPa)
M19 503 344 210 0.31 7650
FepaiNizgCo17 518 276 200 0.3 8359
Polyimide 231 150 25 0.34 1400

2.456e6 Max
218306
1.911%6
1.63996
1.3678e6
1.0958e6
8.2376e5
5.5172e3
2.7968e5
7644.3 Min

1.4491e7 Max
1.2883e7
1.1276e7
9.6682e6
8.0606e6
64531e6
4.8455¢6
3.238e6
1.630de6
22855 Min

(b)

Fig. 13: Von Mises stress distribution in the a) MW-based, b)
conventional rotors at 6000 rpm.

presents significantly lower core loss at all three different speeds
compared to the conventional SyncRM.

To demonstrate the mechanical integrity of the proposed rotor,
von Mises stress analyses of both rotors at 6000 rpm are shown in
figure 13. The mechanical properties of the materials are presented in
table 7. Maximum stresses of the proposed and conventional rotors
are 2.45 Mpa and 14.49 MPa, respectively. Polyimide has much
lower Young’s modulus compared to Fep, NizgCoj7 and therefore
shows much lower stress. However, the tangential and radial ribs in
the conventional SyncRM are subject to high stress.

5 Conclusion

The objective of this work is to provide a lightweight and low loss
material for the cores of electric machines. The Fe-based composite
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contains microscale magnetic flux paths and exhibits high perme-
ability and low loss over a wide frequency range. The measured core
loss for the MW-based material is significantly lower than that of
the conventional silicon steel. The composite is modeled in the rotor
core of a prototype 25 W three-phase SyncRM. Numerical simula-
tions show that under the same torque density, the MW-based rotor
presents significantly lower core loss compared with a conventional
SyncRM rotor. Furthermore, the fluxes at different positions in the
rotor segments demonstrate the presence of rotational flux density,
which causes additional core loss in the array of MWs. The proposed
technology eliminates the bridges and center posts, while maintain-
ing the required mechanical rigidity. This provides a higher stator
and rotor diameter with reduced axial length for higher torque den-
sities. Low loss at high frequencies, lightweight, and mechanical
robustness make the MW-based material a potential candidate for
high speed electrical machines.
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Slave boundary
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Fig. 14: Boundary conditions of the problem domain.

7 Appendices
7.1  FEA software setup

FEA software magnetostatic transient solver [37] is utilized to simu-
late electromagnetic fields in electrical machines. For the simulation,
the following equation is solved

1 0A
Vx(;VXA)—J—aE 8)

where A is the magnetic vector potential, J is the total current den-
sity vector, p is the magnetic permeability, and o is the electric
conductivity. The current density J is proportional to the applied
stator winding current and is assumed to be uniformly distributed
within the stator winding. The current density vector and the mag-
netic vector potentials are normal to the xy plane. Once the vector
potential has been computed, the magnetic flux density is obtained
using B =V x A.

The computational domain is discretized automatically into trian-
gular surface elements with six nodes (3 corners and 3 midpoints).
The magnetic vector potential inside the triangles is calculated using
a second order quadratic interpolation scheme.

Figure 14 shows the boundary conditions of the proposed Syn-
cRM. Master and slave boundaries are used to model planes of
periodicity on the left and bottom boundaries of the problem domain,
respectively. The H-field at every point on the slave boundary sur-
face is forced to match the H-field of every corresponding point on
the master boundary surface. Zero vector potential is also assigned
on the outer radial boundary.

To model the anisotropy of the MWs, the material properties are
defined in respect to a cylindrical coordinate system fixed to the rotor
as shown in figure 14; r and ¢ are the radial and tangential directions,
respectively.

7.2 Core loss calculation in numerical simulation

The instantaneous core loss is obtained as the sum of hysteresis, eddy
current, and excess losses [38]:

= 22 (s 5) (50 [0
(R0 | )
o (|20 |22 )

where Bmax is the maximum of magnetic flux density, B is the
absolute value of the flux density, and Kpys, Kegq, and Kexc are hys-
teresis, eddy current, and excess core loss coefficients, respectively,
which depend on the material. In the proposed rotor, the anisotropy
property of the material is introduced through the permeability ten-
sor. Based on the core losses presented in figure 3(b), the Ky = 18
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Fig. 15: a) Numerical results of the core loss (stator + rotor ) in the
a) MW-based and b) conventional SyncRM. The figure shows total
core (black curve), hysteresis (red curve), eddy current (blue curve),
and excess (purple curve) losses. Frequency is 50 Hz.

m3 —3qz and Kegq = 0.0177 n?v ST2 , and Kexc = 0.01 3 T105 coef-
ficients are obtained and used in SyncRM numerical analysis to
calculate the core loss. Figures R4 and RS show the total core losses
(i.e. stator and rotor) of the MW-based SyncRM and conventional
SyncRM, respectively. As seen, the proposed rotor represents lower
total core loss compared with the conventional SyncRM.

Figures 15(a) and 15(b) present the total stator and rotor core
losses of the MW-based and conventional SyncRM at 1500 rpm,
respectively. The average total losses of the MW-based and conven-
tional SyncRM are 360 mW and 510 mW, respectively.

7.3 Loss estimation*

Loss estimation and measurement in magnetic cores is known to be
quite a complicated subject. Based on the loss separation method,
the core loss is split into hysteresis losses and dynamic eddy current
losses. The method has good accuracy for some Nickel-Iron alloys
but poor accuracy for Silicon-Iron alloys [39]. The loss separation
method was further improved by incorporating an additional term,
called excess or anomalous loss component that depends on empiri-
cal factors including the physical description of the active magnetic
objects and the domain wall motion [40—42]:

Peore = Knys fB"® + Keaa f*B® + Kexe [P B*®  (10)

Since loss separation models are approximate, we have developed a
methodology [42, 43] that combines simulations and measurements
and allows us to determine the losses with a higher level of accu-
racy than would be possible with other published methods. First,
FEM simulations are used to find fields at different locations in the

*This appendix is included at the suggestion of one of the anonymous

reviewers; we thank him/her for the comments.
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machine. Second, loss measurements are performed on core sam-
ples that are subject to these field values. Detailed information can
be found in [42, 43].
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