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 The wind industry is targeting larger
15-20 megawatts (MW) turbines by
2030.

* The key focus is increasing the
reliability, efficiency, and torque
densities of generators to reduce
levelized costs of energy.

* Direct-drive permanent magnet
(PM) generators are gaining
popularity, but...

— They tend to be excessively heavy

— Traditional approaches to design and
manufacturing limit scalability

— Next generation machines need >50%
mass reduction.

There is a NEED for new approaches to design
and manufacturing for lightweighting.

[1]. M. Olave et al, Deliverable 1.1: Technical, environmental and social requirements of the future wind
turbines and lifetime extension, WP1, Task 1.1.2020.
[2]. Z. Zhang, et al, High-power Generators for Offshore Wind Turbines,Energy Procedia,2013.

[3]. E. Schrapp, More power than an aircraft, 2017.
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https://www.siemensgamesa.com/en-int/newsroom/2020/05/200519-siemens-gamesa-turbine-14-222-dd
https://www.windpoweroffshore.com/article/1577816/haliade-x-uncovered-ge-aims-14mw
https://www.siemensgamesa.com/en-int/newsroom/2020/05/200519-siemens-gamesa-turbine-14-222-dd

Conventional Approaches to Lightweighting
Electric Machines
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|t starts with predefined * Itis nonparametric. e Shapes are defined using
shapes. parametric curves.
* |t can optimize the material
 The solution space is layout of the initial design * |t often requires complex
limited by two-dimensional using a grid. calculation of shape
manufacturing. sensitivity gradients.

Adapted from: B. Ma. (2020). Advanced Design and Optimization Techniques for Electrical Machines. PhD Thesis, University of Technology
Sydney.
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Topology Optimization of PM Machines

 They are increasingly popular for lightweighting small, electric motors.
 There are >50 design variables (each mesh element is a variable).

Rotor core as design On/off TO design
space for on/off TO is smoothed out

pn =1

pn =0

ON/OFF method Density-based method

Image source: Ma 2020.

Limitations

* Designs can get too complex.

 Corner contacts and checkerboard patterns
require postprocessing/smoothing.

* Flux concentration can result around sharp
corners.

 The approach is computationally prohibitive: a
single optimization run can take a few days even

when distributing over a high-performance A checkerboard pattern  Flux contour showing
, , concentration around
computing cluster with 50-100 nodes. sharp corners
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Shape Optimization

* Boundaries are parametrized using basis splines or non-uniform rational basis spline

(NURBS) curves.
 They are not widely reported.

 They are used for minimizing acoustic noise in switch reluctance machines and total
harmonic distortion of electromagnetic field waveforms in interior PM motors.

A rotor shaped by basis spline curves and machined by wire-electro-
discharge machining). This technique is too expensive for mass production.
Image source: J. H. Lee, D. H. Kim, and |. H. Park. (2003). IEEE Transactions
on Magnetics. 39(3).

(a) Original NURBS curve. (b) Modified NURBS curve where one con-

trol point is changed.

Limitations

They can produce a zigzag shape or
loss of continuity.

Reconstruction of the computational
mesh can lead to unacceptably high
computation times.

Some commercial software does not
allow for shapes to be defined easily.
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This work bridges the gaps between topology

optimization and manufacturing

* We explore a novel grid-free approach to topology
optimization for lightweighting with increased:

—Computational efficiency
—Design efficiency
—Design space exploration by implicit filtering.

The grid-free boundary TO approach involves...

Hidden

Parametric computer-aided design (CAD) Finite element Machine-learning (ML)-
modeling using BEZIER CURVES Analysis (FEA) based topology optimization
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Our Reference Design: NREL's 15-MW Reference

Generator

Outer-rotor, radial-flux, direct-drive permanent magnet, synchronous
machine has:
* A conceptual design made using parameter optimization
* A rated torque of 21 meganewton-meters (MNm) and a speed of 7.56
rotations per minute
* Asingle-sided disc rotor structure.

Parameter Baseline
15 MW
Air gap diameter (m) 10.16
Core length (m) 2.17
Pole pairs 100
Structural mass (tons) 157
Active mass (tons) 214

(magnets, copper, electrical steel)

Total Mass (tons) 371.5




15-MW Generator Design Domains of Interest

Windings

Stator,Teeth

Stator Yoke

Magnets Rotor Core

An 18-degree sector of the generator

Rotor yoke and Stator yoke (gray regions)

Rotor yoke thickness: 63.62 millimeters (mm)
Total rotor core mass: 34.28 tons

Stator yoke thickness: 46.52 mm
Total stator core mass including teeth: 153.21 tons

Optimization goal: Maximize torque/rotor active
mass and torque/stator core mass
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Magnetic Loading by Transient-Magnetic Finite

Element Analysis
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Reference 15-MW generator sector’s (a) TO design domain bounded in yellow and (b) the magnetic flux density

contour at rated torque conditions. The maximum rotor flux loading at rated torque conditions was 1.54 teslas.
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Bézier Parametrization for Stator and Rotor

Boundaries

Rotor and stator core boundaries were

transformed from arcs to Bézier curves. / \

Initial boundary: an arc

Each boundary was defined using a set
of 11 control points.

The shapes can be optimized by small- \_/
scale, sequential, quadratic
programming.

Shapes can be easily manufactured by
transferring control points to
commercial CAD tools or three- 0 1

dimensional printers. New boundary using a 10" degree
Bézier curve
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Approach

Bezier rotor design of
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Results Comparing Grid-Based TO With Boundary
TO

Baseline
Design
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Optimal design
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Approach*
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Maximize Torque
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3.6 288 216 144 072 0.0

Maximize Torque

Over Rotor Active

E 36 288 216 144 072 00

Angular position (degrees)

Mass (Tons)

34.28 19.95 18.5 18.57 18.95
Torque (MNm) | ML FEA ML FEA ML FEA ML FEA
20.48 20.48 [20.37 20.48 |20.4 20.43 20.40 20.48 20.41

* Grid-Based approach* resulted in 14-tons reduction in mass.

e The boundary TO approach resulted in 15.78 tons mass reduction

with smooth, curvier designs
 The maximum flux density predicted by the grid-based approach

was 2.43 tesla. That of the boundary TO designs was <2.22 tesla.

*L. Sethuraman et al, MADE3D: Enabling the next generation of high torque density wind generators by additive design and 3D printing.

Forschingenieurwes, 85, 287-311, 2021.
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Stator Back-lron Boundary Optimization With
Optimized Rotor Core

Baseline Design Maximize Torque Maximize Torque Over

Including Mass of Rotor Active Mass
Teeth
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153.21 148.65 149.02 149.02
Torque (MNm) ML FEA ML FEA ML FEA
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Up to 5 tons in mass reduction may be possible from stator back-iron.
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Conclusions

 Bézier-curves * parametric CAD modeling + ML—> a new pathway for
design-space exploration of lightweight electric machines.

e Bézier curves act as intrinsic filters to identify better-performing
lightweight designs that are free from limitations of conventional

optimization or insufficient measures to accommodate other components

in manufacturing.

e Up to 20 tons of mass reduction (~¥10% reduction) was possible for the
IEA-15MW direct-drive generator by reshaping the boundaries of the

yokes alone.

* The proposed approach can be extended

to realizing additional weight reduction
from other parts of generator

by multimaterial design and
three-dimensional printing.
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