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Abstract

A vast majority of utility-scale wind turbine generators in the United States depend on foreign-sourced rare-earth permanent
magnets that are vulnerable to supply chain uncertainties. Many small wind original equipment manufacturers are motivated to
pursue continuous improvements to the generator design to lower the material and production costs and improve performance
by lowering cogging torque and increasing efficiency. Traditional design and manufacturing offer limited opportunities. In this
work, we demonstrate advanced design approaches for a 15-kW baseline wind turbine generator by making use of recent
progress in three-dimensional (3D) printing of polymer-bonded magnets and electrical and structural steel. We explore three
methods of magnet parametrization using Bézier curves resulting in symmetric, asymmetric and multimaterial magnet designs.
We employ a multiphysics approach combining parametric computer-aided-design modeling, finite-element analysis, and
targeted sampling to identify novel designs with more opportunities for reducing rare-earth material, improving efficiency and
minimizing cogging torque. The results show that asymmetric-pole design and multimaterial-pole designs offer a greater
opportunity to minimize rare-earth magnet materials by up to 35% with similar performance as the baseline generator,
suggesting newer opportunities with design freedom beyond traditional limits of symmetry and as allowed by 3D printing.

1 Introduction and mechanical vibration. To address this problem,
nonuniform pole shapes (e.g., bread loaf PMs), changes to the
Direct-drive  permanent-magnet synchronous generators pole arc to pole pitch ratio and skewing have been studied [5].
(DDPMSGs) account for a significant share of small and While skewing generally reduces the average torque and
distributed wind turbines installed for off-grid systems and introduces a periodic axial force, profiled magnet, or profiled
specialized applications in the United States. As small wind pole increases the magnet cost and sacrifices certain torque
turbines are more expensive per kilowatt installed [1], a key density with a relatively larger air-gap length [6]. While some
focus for small wind turbine manufacturers has been of these approaches can potentially eliminate cogging, such
producing low-cost, efficient and reliable technology. Most designs have been difficult to manufacture. Methods to
current utility-scale wind turbines depend on rare-earth improve the generator efficiency include using fractional slot
permanent magnets that have high initial costs and are concentrated windings and reducing unwanted eddy currents
vulnerable to supply chain uncertainties [2]. Additionally, the that occur in sheet laminations used in stator and magnets.
price of cold-rolled electrical steels has soared by more than Such electrical sheets are usually produced in complex,
400% and is challenging many original equipment multistage forming, and heat treatment processes. Due to the
manufacturer’s (OEM’s) ability to produce machines with the rolling and punching process steps, the standard thickness is
current production process being extremely capital-intensive limited to 0.2-0.65 mm [7]. This limitation means that eddy
[3]. DDPMSGs present several advantages, e.g., elimination current losses cannot be reduced further. In addition, up to
of noise and maintenance costs due to the absence of the 50% of material offcuts occur when forming the laminations,
gearbox. However, the high cost of active materials, especially  requiring a large amount of unused expensive material to be
the permanent magnets (PMs) and electrical steel laminations  reprocessed. Cast rotor construction of complex shapes require
and the costs of manufacturing them both comprise up to 60% expensive molds and tooling assembly. For small wind turbine
of the cost of the wind turbine itself [4]. Thus, small-wind generators, there have been fewer improvements realized
OEMs are motivated to continuously improve the generator using traditional approaches for design and manufacturing.
design as well as manufacturing techniques to reduce costs. A
second focus for many small OEMs is to lower the cogging
torques in these machines and increase the efficiency of power Notable progress has been made in additive manufacturing
generation to lower the levelized costs of energy. processes for magnetic materials, allowing for more complex
Cogging torque is an inherent characteristic of PM geometries. Fe3.0Si steels fabricated by selective laser melting
generators that limits the self-start ability and produces noise  followed by heat treatment and annealing have improved

1.1 Recent trends in manufacturing and design
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magnetic properties [8]. Binder jet additive manufacturing
methods have advanced to fabricate electrical steel with higher
silicon content [11]. Large scale sand mold printers show
potential to print complex cores and molds without the cost
and lead times of traditional tooling[10]. On the other hand,
material extrusion technologies, such as fused deposition
modeling for fabricating polymer-bonded NdFeB magnets,
have been shown in general to lower costs in manufacturing
when compared to injection molded magnets, increase the
magnet supply chain and allow for complex shapes without
using molds [11]. NdFeB-bonded magnets fabricated via Big
Area Additive Manufacturing (BAAM) outperform
commercial bonded magnets as well as those fabricated using
other printing technologies [12]. With energy product of up to
20 MGOe demonstrated to date, a comparison with
commercial sintered NdFeB magnets [13] showed competitive
performance of BAAM magnets in terms of remnant flux
density. Polymer binder provides superior resistivity and
corrosive resistance, and the magnets are pressed onto rotor
core, eliminating the need for adhesive bonding. Further,
tensile strength of printed magnets is 32-52 MPa, which is
sufficient to withstand centrifugal forces during operation. By
combining these new developments in materials and additive
manufacturing, few recent studies have demonstrated
performance improvements in conventional radial flux
PMSGs through advanced design techniques such as topology
optimization and shape optimization.

Topology optimization methods have been used to alter
magnet geometries by precisely distributing materials within a
Cartesian grid with elemental control of mass density
[14],[15]. Level set models have also been used [16] without
the need for parametrization. Both methods can improve
torque density with less rare-earth material. However, because
topology optimization techniques lack robust
manufacturability constraints, cavities, checkerboard patterns
or sharp corners may emerge that can potentially increase
electromagnetic field and stress concentrations. Shape
optimization techniques have been used to alter rotor
geometries using parametric curves such as B-splines [17] and
shape derivatives for reducing vibration and harmonics in
back-electromotive force waveforms. More recently,
Sethuraman et al. optimized a 15-MW generator core using
Bézier curves [18] by coupling magnetic finite-element
analysis with a parametric computer-aided design (CAD)
environment and a machine-learning model.

Most published literature falls into the symmetrical design
approach, which assumes that every pole or tooth geometry is
identical and symmetric. As a result, all -electrical
characteristics are repeated for the total number of pole pairs
which aligns with the fact that the electric machine rotates in
two directions. In contrast, very little research has been done
on asymmetrical design approaches[19]-[24]. Some designs
are intrinsically asymmetric due to skewing, which helps
reduce cogging torque and ripple. Design asymmetry can be
implemented using either interpolar or intrapolar approaches
[20]. Inter-polar asymmetry refers to asymmetry within the
same pole, whereas intrapolar asymmetry means that the poles
of the machine are not identical. These techniques are gaining
more attention for designing certain interior PM motors and
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surface-mounted PM machines for unidirectional applications
for robust torque performance [21]. Because wind turbine
generators are intended for unidirectional operation, they can
be ideal candidates for evaluation from an asymmetrical point
of view with each pole or teeth having its own freedom to
define different dimensional parameters. Because asymmetry
in pole or tooth geometry can alter the inductance profile, the
torque profiles are expected to vary in different directions of
rotation. Selective shaping of poles can also help realize a
variable air-gap profile and improve back-electromotive force
waveforms with low total harmonic distortion [24].
By leveraging some of this knowledge, this paper is the first
effort on selective interpolar shape optimization exploring
novel symmetric and asymmetric designs for wind turbine
generators. We extend the Bézier-curve approach as described
by the authors in [18] for multimaterial design of magnets and
electrical steel in a 15-kW direct-drive, radial-flux, permanent-
magnet generator for use in a small wind turbine. Three-
dimensional (3D) printed magnet materials and a decoupled
Multiphysics design approach were used to explore less-
expensive, new pole geometries that achieve desired
performance characteristics in terms of efficiency, cogging
torque and low risk to demagnetization with reduced magnet
materials.

N4zZH grade

Fig. 1 Baseline outer-rotor radial-flux permanent-magnet
generator modeled after Bergey’s 15-kW turbine

2 Baseline generator design, materials, and
methodology

The baseline generator is a radial-flux, outer-rotor, surface-
mounted PMSG with a fractional-slot, double-layer
concentrated winding and a slot-pole combination of 60-50
(see Error! Reference source not found.). The design is
modeled around Bergey Windpower Co.’s 15-kW turbine
system, rated for 150 rpm. The machine is designed to deliver
15 kW at rated wind speed of 11 m/s. The generator is
connected to the grid via a back-to-back full-rated converter.
The baseline magnets are of N48H grade, solid pieces that are
arc-shaped and custom manufactured to design width and
length, radially magnetized and glued to a solid rotor core
made of 1020 steel. The stator windings have an H-grade
insulation, and the stator core is made of M-15-grade electrical
steel laminations. The magnet maximum operating
temperature is assumed to be limited to 60°C and short-circuit
events that will be isolated in time to prevent elevated
operational temperatures from increased eddy current losses.
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2.1 Magnet material

This work assumes the electromagnetic, electrical and
mechanical properties for a 75 vol% NdFeB-SmFeN
composite magnet in nylon-polymer matrix printed using the
BAAM system at Oak Ridge National Laboratory [13]. To
achieve optimized magnetic performance, successive
iterations on loading fractions ranging between 70 and 75
vol% were tested and the processing conditions were
optimized with 96 wt% magnetic powder in 4 wt% nylon-12
binder. The normal B-H curves for the magnets were modeled
using the data from [13]. We assumed the rotor core material
to be the same as the baseline material realized by printing the
mold by selective laser melting and casting 1020 steel. This
way, the properties of baseline steel were assumed to be
retained. The rotor core is also functioning as both a structural
and magnetic material, therefore the optimization (as a first
step) will be focused on using the least number of
electromagnetic materials and then focus on structural
adequacy.

2.2 Methodology

To optimize both hard and soft magnet materials, we used the
approach for Bézier curves described by the authors in [18].
We used three different approaches (symmetric, asymmetric
and multimaterial magnet) to parametrize the rotor core and
magnets designs for the 15-kW generator (see Table 1). Each
approach used a set of Bézier curves whose control points were
displaced at specific locations representing angular positions
along the rotor periphery. This method allowed for
simultaneous shaping of both hard and soft magnet materials.
The total available angular width per pole for the 50-pole
machine is 7.2° and a given ratio parameter was used to vary
the actual width of the magnet. The hard magnet boundaries
for a single magnet material were defined using two Bézier
curves (numbered 1 and 2) that allowed us to profile the
magnet both on the front (air-gap side) as well as the rear.
Efforts were also made to profile only the rear side of the
magnet to evaluate the impact on cogging torque and mass
reduction. Bézier Curve 3 controlled the shape of the outer
boundary of the rotor core.

2.2.1 Symmetric parametrization

We used three 5"-degree Bézier curves with six control points
each to define the shape of one half of a single pole about a
symmetry axis located at 3.6°. The other half of the pole
assumes the mirror image of the left-hand side (Fig 2). The six
control points were first generated in Cartesian co-ordinates (0
and 1) and scaled to polar coordinates consistent with 6
angular positions along the rotor periphery in increments of 66
=0.36°. For each angular position (&), the Cartesian equivalent
coordinates are given by the radius and angle:
P;(0,) =1;,0; = P;(x;)cos(i66), P;(x;)sin(i86), for i = 1 to 6
(M
To have an adjustable pole pitch, we used the ratio parameter
and scaled Bézier Curve 1 accordingly (Equation (2)).
(Piy1(x) c0s(i68apair + 01) , Piy1 (%) sin(i68gpqi1 + 61)

O gvail = ratio-?,'ﬂ 60 4pail = Bavau fori=1to5
pi(g) = avai 180 ’ avai
) 3.6m
P1 (X) COS(@l) , P1 (X) Sln(al) , 61 = 1_80 - Gavail (2)
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For the case with no profiling on the side of the magnet closest
to the air gap, all values for Bézier Curve 1 were held constant.
The mass of the resulting magnet shapes is obtained by
doubling the area under the curves (..., the equation defining
Bézier Curve 2 and rg Bézier Curve 1) from one half-
symmetry and applying mass densities of p,44 = 6150 kg/m?
for hard magnets and pg,r = 7600 kg/m? for rotor core,
respectively, and scaling by the ratio parameter. We
considered a total of 21 variables including 18 control points,
ratio parameter, core mass and magnet mass.

Symmetry axis

Fst9) (a)

A\ P1(x)'

\._/ . ' '
Z Pix) Pax) 1 Mirror image
|

0
Symmeltry axis

v

1 “x

73, 65

/A\ }"1,91

P (9

3.6°

Fig 2. Bézier control points for symmetric design in (a)
Cartesian and (b) polar coordinates

2.2.2 Asymmetric parametrization

We used three 10%-degree Bézier curves with 11 control points
each to define the shape of a single pole. Note that either half
of the pole are dissimilar to each other (Fig 3).

Ps(x) Symmetry axis
I _aPs(x)

Pkx)

1 &x 0
Symmetry axis
A rs, 98 m[il rs, 05 (b)
7 ~ ~ T, 06 =
S
Q.
ri1, 6 ~_ 1,0
| e
7.2° €0 0

Fig 3. Bézier control points for the asymmetric design in
(a) Cartesian and (b) polar coordinates

The eleven control points in Cartesian co-ordinates (0 and 1)
were scaled to polar coordinates consistent with 11 angular
positions along the rotor periphery in increments of 66=0.72°.
Note that the eleventh control point (P;(x) is constrained to be
equal to P;(x)) to ensure periodicity is retained despite the
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asymmetry. To adjust the pole pitch we used a ratio parameter
to scale, the available pole width by 0,,,; = ratio-
7.2 /180. The step increments in the angular position divided
the available pole width to 10 positions as 86,4 =
04vqir/10. The angular position of the first control point is
determined using 6, = 7.2m/180 — 64,,;;. Equation (2) is
scaled using the full available pole width of 7.2° and the factor
of 2 is disregarded. We considered a total of 36 variables
including 33 control points, ratio parameter, core mass and
magnet mass.

2.2.3 Multimaterial asymmetric parametrization

The hard magnet region is assumed to be comprised of two
layers of different magnet materials (Magnet 1 and Magnet 2).
For the initial effort, we chose to model Magnet 1 as a
conventional arc-shaped sintered magnet (N48H) with
constant thickness (%) and no profiling. Magnet 2 is a layer
of printed, polymer-bonded Dy-free, 75 Vol% composite
magnet that will be deposited by printing over a layer of
sintered magnets. While it is possible to swap the layers, we
chose to put the sintered magnet closer to the air gap because
of its higher demagnetization threshold (0.45 Tesla) in
comparison with the printed magnet. Thus, the mass of the
sintered magnet was only optimized using #%,; and a ratio
parameter. The printed magnet layer was profiled only on its
rear side, thereby allowing for easier bonding of printed
magnets with sintered magnet material. Two 10" degree

control points for tow curves, magnet height (4.;), ratio
parameter, core mass and total magnet mass (mass of magnet
1 + mass of magnet 2).

Symnl'letry axis
‘r rs, s . % o5
g, Lo Os o=
D r9, 0y o . n
Q\; ry, 97 | Iy, 64 NG 93
711,60 Magnet.2 N 0,
710, G0 | ’ ~e
| - Magnet 1 Aot
0° 0> 7.2°

Fig. 4 Parametrization for the multimaterial magnet by
combining Bézier control points with a layer of certain
thickness

2.2.4 Design workflow

The design optimization workflow begins with randomized
sampling of control points and the ratio parameter for a single
pole with each design resulting in a certain magnet mass. For
single-magnet symmetric and asymmetric designs, we used
Bézier Curve 1 as the reference to vary the control points on
Bézier Curves 2 and 3 using geometric bounds as shown in
Table 1. Thus, both hard and soft magnet regions were

Table 1 Rotor core and magnet parametrization

P
0

15 e
Bezier curve 3

Bézier curve |
1]

Total avail width

]

Beéziercurve 3

0

Bézier curve 2

magnet

Bézier curve 1

-

Total avail width
Total avail width

Parametrization Symmetry Asymmetry Multimaterial
Ordern 6" order Bézier curves 11" order Bézier curves 11" order Bézier curves
Curve 1: P.‘.r'-.l‘....u Fiisl 02 287.1 FiitdonS 292.1 Viislon2 287.1 Vi i+ln <292.1 hm_r >15 hm,' <9
[ o] 25 2
0e10,3.6}, 66-0.6 | 0={0,3.6}, 56-0.6 Be {{].7_;}‘ 010,72}, 56=0.72 o S| Fmrae 971
#8012 6c {072}, 66-072 |6 10,7.2}, 56-0.72
Curve 2: Pyig nizm Fiitdoon wed,we2..m< 302.1 i itdonn Fued,ne2.,00 = 302.1 Fiitdon st ne2.m S 3021
Curve 3: P;'rl—}, I+l Fotd, w4220 Fantl, me2.,9n = 32211 Vot i, w220 Faned, +2.in = 3221 NA NA
Pole width/Total avail width 60 100 60 100 60 90

Bézier curves with 11 control points each were used to define
the overall shape of a single pole. We obtained the mass of

the resulting magnet shapes by computing the two magnet
masses with differing mass densities using the approach
discussed earlier (pyqg1 =7600 kg/m’ and ppqg, =6150
kg/m?). A total of 26 variables were considered including 22

4

simultaneously controlled. We performed an initial design of
experiments (DOE) with 1000 different combinations of
control points with 7 different ratio parameters (varied
between 60 and 100 in increments of 5) using the Latin-
Hypercube-sampling technique available as part of Python’s
PyDOE2 package [26]. Considering as many as 21-36 design
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variables, this approach resulted in a large data set. Each of
these designs were imported into a parametric CAD
environment using the application programming interface
capabilities of OpenCASCADE [27] to generate a two-
dimensional CAD model for a single pole that was patterned
for one periodicity (36°) using pythonOCC [28]. The DOE was
intended to examine the performance sensitivities to different
shapes by transient magnetic and steady-state thermal analysis
using commercial finite-element-analysis software ALTAIR-
FLUX [29] without computing shape derivatives. Three cases
were separately simulated: normal operation (to generate 15
kW), stalling (to generate 40 kW) and a balanced three-phase
short circuit. Apart from the magnet mass and core mass, the
performance parameters of interest include cogging torque,
Bymin during short-circuit (SC) and stall, generator efficiency,
magnet temperature rise (7,..;) and winding temperature rise
(Twinging)- We then applied multiple filters to the performance
data using magnet mass and core mass as the criteria (to be less
than that of the baseline design) with targets defined in Table
2. Despite the large data set, very few designs satisfied all
criteria so to identify more than 10% magnet mass reduction,
we decided to further refine the DOE through a targeted
sampling approach.

Table 2 Performance parameters and optimization targets extended

from [13]
Parameter Baseline Target
Rated voltage <575V <575V
Efficiency 95 % 295%
Cogging torque 33 Nm <25Nm
Magnet material Sintered Printed
polymer-
bonded (0 %
Dy)
Magnet resistivity (Qm) 1.5x 107 0.0258
Normal coercivity at 60°C 1041.7 485.9
Magnet BHmax (MGOe) 45 20
Rotor core material 1020 steel 1020 steel
Magnet mass 1p.u <09 p.u.
Bimin-Sc and stall (T) 0.45 0.3
Twinding 180°C 180°C
Tnag 60°C 60°C

2.2.4.1 Targeted sampling approach

Performance results were gathered with the control points and
the ratio parameter and used for an iterative, fargeted sampling
approach that seeks to obtain additional designs in regions of
the design space where high performance is observed (see Fig.
5). This approach uses a response-driven subspace-based
dimension reduction, performed using polynomial ridge
approximation (see Fig 6) across multiple output metrics from
the finite-element-analysis simulations (e.g., 33 variables are
converted to one active variable). Applying thresholds to these
various subspaces results in a collection of linear inequality
constraints that reduces the overall design space. The final
magnetically and thermally optimal design is identified by
iterating on this procedure.
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MAG_MASS (kg)

-1.0 -05 00 05 10 15
Active Variable

Fig. 5. Scatterplot depicting the low-dimensional subspace
projection for the magnet mass; thresholding on a targeted
mass constrains the design space in a manner that can be
readily subsampled.

. X1 u=a'x

Fig 6. Dimension-reduction using polynomial ridge approximation

2.2.5 Structural integrity and optimization of the rotor

To verify the structural integrity of the magnetically and
thermally optimal rotor can, we selected and extruded one of
the two-dimensional shape-optimized designs into a 3D
equivalent and then optimized it in Solidworks. We chose an
asymmetric pole design for this study. The objective of this
optimization is to minimize the weight of the rotor while
maintaining necessary stiffness to support the blade loads as
well as internal forces. The figure of merit for this analysis is
the radial strength-to-weight (S2W) ratio. Several constraints
were placed on the optimization to minimally impact
manufacturing, maintenance and operation. First, there should
be no holes passing completely through the rotor to minimize
debris and water ingress to the winding area. Also, the inside
of the rotor should be a smooth as possible. Easy access to the
generator through the back of the rotor was to be maintained
for installation and maintenance. Finally, the maximum
deformations for radial and tangential and axial directions
were limited to be 0.38 mm and 6.35 mm, respectively.

2.2.5.1 Methodology

We explored the structural design space by first developing a
series of features for the rotor can designed to either reduce
mass or increase stiffness. As shown in Fig.7, these include the
variable front plate, back plate and radial wall thicknesses, as
well as radially distributed external fins, their quantity and
thickness. A two-level full factorial DOE is performed, and the
data are applied to construct a linear regression model that is
later used to optimize the S2W ratio.

Note, the support structure design was enforced to be
symmetric owing to the asymmetric nature of loading from the
wind turbine blades (Table 3). The main loads considered
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include gravity, maxwell loading inside the rotor and wind
loading on the blades. The maxwell pressure loading inside
the can was computed from the peak air-gap flux density and
applied as an average pressure load on the magnets. A ridged
constraint is placed on the rear bearing mounting surface (this
is used to fix the system in space and prevents accelerations),
and a pin connection between the front and rear bearing
surfaces (this simulates the rotor shaft).

Magnetically
optimal asymmetric
rotor can

External Fin

Back Plate

Magnets

Blade load
carrying
interface

— Rear Bearing
Radial Wall
Front Bearing

Front Plate

Fig 7. Structural parametrization of the rotor can

Table 3 Forces and moments acting on the blades.

Loads Blade Blade Blade
1 2 3
Radial (N) 433 252 226
Tangential(N) 519 339 554
Axial (N) 3243 3429 3294
Axis 1 (Nm) 3647 3338 4055
Axis 2 (Nm) 966 196 789
Axis 3 (Nm) 258 409 211
prels\;llal?evﬁi[lPa) 0.133 =

We modeled one blade section to reduce computation time.
The radial, tangential and axial forces were modeled relative
to the can axis of rotation. The generator is mounted at the top
of the tower angled at seven degrees above the horizontal
plane, meaning gravitational forces are experienced in
multiple directions. Feedback from OEMs indicated the blades
can experience significant nonuniform load under heavy wind
loads. Based on this variance, each blade section has unique
forces and moments to recreate these cases.

3 Results

3.1 Magneto-thermal evaluation
Table 4 provides a list of designs we identified for the different

6

approaches of parametrization in comparison to a baseline
generator, a reoptimized baseline generator with N48H grade

magnets and a symmetric crown-shaped pole that was
optimized by the authors in a prior study [13]. All designs were
able to generate 15 kW at rated operation and 40 kW during
stalling without significant winding temperature rises. This
was possible by commutating higher currents through the
windings with the help of a full-rated converter by producing
the required torque during for operation. All designs from
shape optimization using Bézier curves were observed to be
lighter than baseline arc-shaped and crown-shaped poles.
Multimaterial design (realized using a combination of sintered
and printed magnets) resulted in a reduction of magnet mass
ofup to 35% and was competitive against the design optimized
with sintered N48H grade, with the advantage of higher
efficiency. This was due to significantly lower eddy current
losses in printed magnets. The best-performing radially
asymmetric magnet pole (Case IV) required up to 27% less
magnet material without significant performance loss. A
material bias on the left side of the magnet implies that magnet
material distribution is influenced by the direction of
movement of the rotating magnetic field (left bias for a
counterclockwise rotation).

Such intricately shaped magnets can be obtained by
extrusion-based printing, then heated, and compressed onto
the shape-optimized, printed rotor can without the need for
special adhesives. The rotor can be printed either directly or
via selective laser melting or indirect additive manufacturing
by printing a mold and casting steel. Previous studies reported
problems such as overheating, faults, noise or unbalanced
magnetic pull with asymmetric designs. However, the
asymmetric designs obtained through the present approach
have the pattern repeated throughout the circumference. As a
result, imbalance is not expected to result. Rotor core shaping
results in wave-like patterns on the outer surface that can be
aerodynamic benefits such as improved cooling.

3.2 Structural evaluation

Fig 8 shows the main effects of each structural parameter on
S2W of the shape-optimized rotor can. From this, we observe
that the number of fins, fin height and fin thickness have the
most influence. We find it interesting that the radial wall
thickness had little impact on radial stiffness; however, this is
because the volume of material between the high and low
levels was small (2.5 mm). The radial wall is limited by the
profile of the optimization, so only minimal weight reduction
can be achieved by reducing wall thickness. This outcome is
because the fins did not significantly increase stiffness but
increased mass. Even with reduced wall thickness, the rotor
can had the required stiffness to support all loading. Following
these three factors, the backplate thickness had the next largest
influence on the radial S2W ratio and significantly impacted
axial stiffness as the entire structure experienced wind thrust
loading. The best factor combination is given in Table 5.
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Table 4 Results from targeted DOE for the different designs

1 11 1M1 v Vv VI VI
Designs Baseline Design Re_{'}pm_m?.ed E.“mwn .J\s.:,;‘n metric Pole: Asymmetric Pole: Syn‘imelrlc Pole: Symmetric Pole: Mu]nma.terlal
Baseline | Design From| Nonconstant Constant Air Ga Nonconstant Constant Air Ga Asymmetric Pole:
from [13] [13] Air Gap P Air Gap P'| Constant Air Gap
Sintered higher | N48H sintered
Magnet material | grade with zero | magnet with 55.5% weaker printed polymer-bonded magnet with zero dysprosium
dysprosium Zero
dysprosium
Magnet mass (p.u) 1.0 0.59 0.84 0.75 0.73 0.845 0.82 0.63
Efficiency (%) 96.1 96.9 97.1 96.9 96.88 97.05 96.99 97.05
Brin (T) 0.453 0.456 0.3 031 031 0.299 0.302 0.50
Teop (Nm) 25.33 24.8 24 24.21 23.18 27.5 24.78 24.105
ratio proprietary 69 63.8 64.62 60.23 63.95 60.64 68.97
% magnet weight
change - -41 -16.0 -25 -26.5 1545 -18 -35
manufacturing, positive effects on their performance are
. . . o . possible.
Table 5 Best possible design solution within the design space . . . . .
i = (1) Asymmetric pole designs are lighter than symmetric pole
Eardgmleteru = ]1335361112“ glit;z_mzed designs, indicating that traditional symmetric design
adial wall thickness (mm) - : results in overuse of materials for a unidirectional
Front plate thickness (mm) 19.05 12.7 L . .
- application. This result also suggests a new opportunity
Back plate thickness (mm) 9.525 3.175 . .
to conserve rare-earth materials and also an opportunity
Number of fins (mm) 0 0 tob bled th had d facturi thod
Total structural mass (kg) 103.83 9516 _ tobe enabled through advanced manufacturing methods.
Radial stiffness/weight 2.027.8 1,063.5 (il) Asymmetric pO.Ie designs have a rep'eatmg pattern that
shall not result in unbalanced magnetic pull.
(ii1) Magnet profiling near the air gap (nonconstant air gap
E Radial Wall Thickness 3 Back Plate Thickness designs) can minimize cogging torque; however, it can
= 7 1180 result in a larger air gap as well as the need for heavier
DE_' 120 DE_' magnet designs to generate the required power.
Z 4100 = o (iv) The combination of sintered and printed magnets in a
[a} o™ . ..
o} 0.125 0275 0 0.125 0.375 layered approach is competitive for magnet mass
savings. The presence of sintered magnets closer to the
{E Back Fin Height {E Back Fin Thickness air gap. provides greater  protection  against
B 1150 3 118 demagnetization. . .
£ 1100 z 112 (v) Rotor core shaping resulted in a wave-like pattern on the
Z 1050 = 1080 outer surface that can be aerodynamically more efficient
1 2 0 0.125 0.25 for cooling.
Level Leye! (vi) Combining the magnetically asymmetric rotor pole with
2 pontElateThickness g2 Fin Number the symmetrically designed support structure shows a
% 1116.2 ® . - S .
o o new opportunity for lightweighting both active and
~ 1116 5”500 inactive materials.
& & 1000 (vii)It is unlikely the parametric analysis created an optimal
o 0125 059 6

Level Level

Fig 8. Generator can parametric analysis

4 Conclusions

This work demonstrated a new approach to realizing better-
performing magnet designs for a radial-flux, surface-mounted
PMSGs with reduced rare-earth content by exploring
interpolar symmetry and asymmetry through pole shaping and
simultaneous optimization of both hard and soft magnets. The
following observations were made from the results, indicating
that specific = asymmetric phenomenon  exists in
electromagnetic design of electric machines that can be tapped
into by careful shaping and optimization. Together with
symmetric ~ support structure design and additive

7

solution because the objective was based on radial
stiffness to weight, whereas axial stiffness proved a more
limiting factor.
Future work will explore structural topology optimization for
the 3D-print shape-optimized rotor can and validate a proof-
of-concept prototype of a 15-kW generator aimed at de-risking
some of the main design and manufacturing aspects.
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