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Abstract—This paper presents a large-scale multi-objective
design optimization for a direct-drive wind turbine generator
concept that is based upon an experimentally validated compu-
tational model for a small-scale prototype motor of the same type.
By integrating an outer reluctance-type rotor and a segmented
stator with toroidally wound single-coil modules containing
spoke-type PMs, the design optimization aims to minimize losses,
active mass, and torque ripple while adhering to a power factor
constraint. The AC windings and PMs are positioned in the
stator and this concept enhances flux concentration, enabling the
use of more affordable high energy non-rare-earth (special type)
magnets. The exterior rotor follows a simplified reluctance-type
configuration, eliminating active electromagnetic components.
The operational principle, described in detail, guides design
studies using electromagnetic 2D finite element analysis (FEA),
showcasing the potential of this configuration to match rare-
earth PM performance, with special type PMs, thus addressing
cost and supply challenges. Furthermore, alternative materials
including the substitution of aluminum wire for copper wire,
have also been investigated in this study. The proposed multi-
objective design optimization uses the response surface method
(RSM) to initiate the optimization and the results on a 3MW,
15rpm generator, highlight the benefits of this topology, achieving
competitive metrics like goodness, specific thrust, and efficiency
without rare-earth permanent magnets.

Index Terms—Direct-drive generator, wind turbine, syn-
chronous machine, flux-switching, flux-reversal, double-salient,
design optimization, spoke permanent magnets, toroidal winding,
flux-intensifying topology.

I. INTRODUCTION

Wind power is important in reducing greenhouse gas emis-
sions and addressing climate change. The increasing energy
demand has driven a shift toward renewable sources, with wind
power at the forefront and among the fastest-growing renew-
able sources. The International Energy Agency foresees that
renewable energy will contribute to 30% of global electricity
by 2024. The global renewable energy capacity is projected
to surge by about 2400 GW (75%) between 2022 and 2027,
accompanied by a nearly 50% increase in annual onshore and
offshore wind installations by 2027 [1].

In the past decade, the offshore wind generation sector has
played an important role in the global wind industry and
experienced significant annual expansion, where projections
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indicate a doubling of its market share by 2025 [2], [3]. As
a result of recognizing the energy potential of offshore wind,
countries worldwide have been prompted to integrate it into
their energy portfolios. This shift is supported by a study
reported by Blaabjerg and Ionel, suggesting that widespread
installations across the North Sea could fulfill the EU’s energy
requirements by 2025 [2].

Increased demand for wind energy has led manufacturers to
target higher power levels for wind turbine generators. Studies
such as the work reported by Polinder et al. [4] have shown
that in geared generators, a common method of adapting high-
power wind turbines to synchronous generators involves gear-
boxes to adapt slow turbine speeds to synchronous generator
speeds. Papatzimos et al. [5] had reported that gearboxes have
a significantly shorter lifespan compared to that of the turbine
generator and require expensive maintenance.

Direct-drive wind turbine generators, which eliminate the
need for gearboxes, emerge as a more advantageous solution,
not only mitigating the reported shorter lifespan and costly
maintenance associated with gearboxes, as highlighted by
Papatzimos et al. [5], but also enhancing overall reliability
and efficiency in wind energy systems.

Comparing offshore and onshore wind turbines reveals
distinctive characteristics. Offshore wind turbines boast higher
power capacity and a simplified design without the need
for a gearbox, leading to reduced maintenance requirements.
In contrast, onshore wind turbines present advantages such
as lower initial costs and mass, but they come with lower
power capacity. Additionally, their complex multi-stage gear-
box, which may impact efficiency, necessitates more frequent
maintenance.

In this paper, which extends previous work by Mohammadi
et al. [6], [7]; using special type PM types, the design and op-
timization for a direct-drive wind generator have been carried
out. The machine proposed in this paper is of the synchronous
type, and the excitation is provided by a combination of PMs
that are placed in the stator and with a single barrier reluctance
type rotor, which together produce an airgap revolving field
with a polarity equal to twice the number of rotor protrusions.
The machine includes constructive elements that are similar
to those found in machines labeled as double salient, flux
reversal, and flux switching.

The structure of this paper is as follows: a literature review
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Fig. 1. Cross-section of the two topologies considered in the study. (a)
The reference topology with PMs in the stator with modular configuration
and inner reluctance rotor. (b) The topology with the outer rotor and inner
stator, benefits from PMs extending into the stator and creating a high flux
concentration.

on different aspects of wind turbine generators is provided
in Section II. Section III explains the operating principle of
the proposed generator. Section IV discusses the optimization
of direct-drive generator designs, showcasing the advantages
of a flux-intensifying spoke PM stator for higher power
density and improved performance. In addition to the cost
model, the results and discussions are presented in Section V,
demonstrating that the use of special type PMs and aluminum
windings can contribute to improved performance and cost
reduction in direct-drive wind turbine systems, respectively.
Finally, Section VI concludes the paper.

II. LITERATURE REVIEW

Efforts to enhance the performance of wind turbine gen-
erators have driven researchers to explore innovative designs,
with direct-drive generators gaining popularity. In the design
of direct-drive wind generators, the generator inherently has a
low speed and is directly connected to the turbine without any
intermediate gearbox. This design choice aims to simplify the
overall structure, reduce maintenance, and improve efficiency
by minimizing energy losses that can occur in traditional
gearbox setups. Studies, such as the work by Carroll et al.
[8], and Tlali et al. [9], have demonstrated that direct-drive
generators can circumvent the issues associated with gearboxes
and improve the wind turbine efficiency.

It has been reported by Gul et al. [10], and Zhang et
al. [11], that direct-drive generators typically have larger
dimensions and carry a higher cost and larger mass compared
to their geared counterparts, primarily due to the demand for
substantial torque at low speeds. The inherent large mass of
these turbines has prompted researchers such as Mohammadi
et al. [7], to investigate the use of aluminum windings as a
means to significantly lighten the generator’s winding mass
without compromising its performance.

Different types and topologies have been proposed for
direct-drive applications. Among these, permanent magnet
synchronous generators (PMSMGs), have been investigated by
researchers such as Semken et al. [12], which owing to their
improved performance, shows wind turbine manufacturers are
increasingly moving toward this type of generator. Wang
et al. [13], investigated wind generators with self-excited
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Fig. 2. The systematic experimental validation of the computational model
on a small-scale prototype motor demonstrates a smaller repetitive structure.
(a) The CAD drawing and assembly of the open-frame laboratory prototype
motor, and (b) a comparison between the results obtained from FEA and the
tests conducted on the prototype.

reluctance topologies, and the vernier-type axial flux design
proposed by Mohammadi et al. [14], has been considered for
direct-drive applications by facilitating increased magnetic flux
concentration through the use of high rotor polarities.

Other example studies on wind turbine generators include
different topologies for instance in the work of Labuschagne
et al. [16], on permanent magnet Vernier generator technol-
ogy, and Tlali et al. [9], which compared traditional and
conventional PM generators. Husain et al. [17], reviewed
PM transverse flux machines for direct-drive application, and
Chen, et al. [18], provided a comparative study for multiple
configurations of both radial-flux and axial-flux wind generator
topologies.

Boldea ef al. have conducted multiple studies on high-
power, permanent magnet free wind generators. Their inves-
tigations encompass designs of various topologies, including
direct-drive cage rotor induction generator (CRIG) [19], and
direct-drive reluctance synchronous generator (RSG) [20],
achieving 10MW of power at 10rpm. Additionally, in another
study for PM free generators considering the inclusion of a
transmission system, Boldea et al. [21], explored an axially
laminated anisotropic (ALA) rotor RSG, reporting a power
output of 10MW at 480rpm.



Table 1
SUMMARY OF MAIN DIMENSIONS AND PERFORMANCE FOR 3MW (NDFEB* AND SPECIAL TYPE PM) DIRECT-DRIVE WIND TURBINE GENERATORS.

Reference Airgap diameter  Stack length  Efficiency = Specific PM mass  Specific mass  Specific thrust Goodness
[m] [m] [%] [¢/Nm] [g/Nm] [kN/m2] [(KNm/vWioss]
Lehr et al. [15]* 5.0 1.9 95.9 1.451 N/A 25.867 5.622
Lehr et al. [15]* 5.0 1.9 97.2 1.793 N/A 26.537 6.620
Polinder et al. [4]* 4.7 1.2 96.0 0.895 12.684 44864 5.374
New design A 4.7 1.7 96.9 4519 33.994 32.180 6.173
New design B 4.8 1.7 96.6 3.027 31.008 31.440 5.902
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Fig. 3. (a) The cross-section and enlarged detailed view of the direct-drive generator topology, that produces 1.9MNm torque at 15rpm, (b) the cross-section
of the smaller periodicity region for the example generator design with 7 rotor protrusions, (c) geometric design variables used in the parametric model in
the multi-objective optimization of the generator under study, and (d) magnetic flux density distribution of the direct-drive wind generator concept.

Many scientific works are progressing toward the elimi-
nation of the rare-earth materials from wind generators, for
instance, Akuru et al. [22], studied the design optimization
of a novel rare-earth free flux switching wind generators for
small and large power levels. Another example study by Ullah
et al. [23] was proposed and validated by prototyping a novel
dual electrical and dual mechanical wound field flux switching
generator, which is brushless, and eliminates the PMs. Ullah et
al. [24] also proposed a PM-based counter-rotating dual rotor
PM flux switching generator for direct drive counter-rotating
wind turbine to eliminate slip rings, brushes, and terminate
gearbox mechanism.

A design concept, which allows for a high flux concen-
tration ratio by integrating spoke permanent magnets was
investigated by Mohammadi et al. [6]. This concept not only
increases the power density but also improves performance
to counterbalance the reduced rotational speeds associated
with direct-drive topologies. Additionally, the optimization of
the generator’s design has the potential to reduce material
expenses, particularly by adopting special type PMs. These
types of PMs serve as a more cost-effective alternative to
the commonly employed rare-earth counterparts in direct-drive
wind turbines.

The generator topology was first introduced and validated
in a lower pole count reference design, as shown in Figs. la,
and 2. In the study on the reference design reported by Han
et al. [25] the core losses were validated at a higher speed,
and the copper losses were verified on the prototype shown
in Fig. 2, which included a good estimation of end windings

used in the prototype.

The reference design was further improved in work done
by Badewa et al. [26], using an inner stator and outer rotor
topology shown in Fig. 1b. In this implementation, the inner
stator enables the PMs to extend into the stator and achieve
a high flux concentration. The proposed concept explained
herein combines the inner stator and outer rotor design with
a high polarity which is optimized to use special type PMs
such that comparable performance to that with NdFeB PMs
is achievable. Furthermore, the dimensions and performance
indices of three direct-drive wind generators from literature
with rare-earth NdFeB PMs have been summarized in Table I
alongside the new designs of this paper.

III. WIND TURBINE GENERATOR TOPOLOGY AND
PRINCIPLE OF OPERATION

The configuration of the proposed direct-drive generator
uses multiple repetitive modules of the type previously de-
scribed as shown in Fig. 1, and extended to a higher polarity
design for the generator under study as depicted in Fig. 3 to
deliver 1.9MNm electromagnetic torque. This topology utilizes
stator PMs that separate modules of the core and concentrated
AC coils toroidally wound around the back iron, resulting in a
high winding factor, as discussed for example in Heins et al.
[27]. The winding pattern follows the succession of the three
phases around the stator circumference. High fault tolerance
is achieved by placing only one coil side in each slot.

The stator core has rectangular slots that enable the use
of rectangular wire leading to a high slot fill factor and low
copper losses. The concentrated coils are toroidally wound
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Fig. 4. The MMF-permeance schematic for the proposed generator considering
PM only (a), and armature windings with airgap permeance (A) (b).

with compact axial ends, providing a further contribution to
reducing copper losses. Additionally, the PMs in this topol-
ogy are placed in the stator, in radial positions, and every
two consecutive PMs are magnetized tangentially in opposite
directions, which is illustrated in Fig. 4a.

It should be noted that in this design the magnets can
substantially extend in the radial direction enabling very high
flux concentration and achieving airgap flux densities consid-
erably higher than the remanence of the PM. The winding
layout produces an airgap magnetomotive force (MMF) that
is similar to that achieved through a fully pitched winding,
which is advantageous in ensuring a high fundamental winding
factor. Furthermore, depending on the machine’s proportions
including the number of poles, airgap diameter, and stack
length, the end windings facing away from the airgap are
relatively short and have a minimal contribution to copper
losses.

The reluctance-type rotor does not include any active exci-
tation components and has a laminated steel core with protru-
sions, the number and dimensions of which are coordinated
with the stator characteristics. The rotor and stator use M19
laminated steel, and Fig. 3b depicts the analyzed minimal
region of periodicity, which includes seven rotor protrusions.
This section was replicated 10 times to create the full generator
cross-section, which has 70 rotor protrusions corresponding to
140 magnetic poles.

It is worth mentioning that the flux density distribution
in the core at rated load is below 2T as shown in Fig. 3d,
therefore saturation is avoided. A detailed analysis of the
magnetic flux in open-circuit and under a rated current density
of 3A/mm? revealed that a flux leakage of approximately 10%
has been observed at the inner side of the stator core, which
is relatively small considering the overall flux concentration
capability of this design.

The open-circuit (OC) PM field and the armature field are
analyzed using the MMF-permeance model depicted in Fig.
4 and presented in [6] to describe the working principle of
the presented generator concept and the torque generation
process. To study the OC PM field, the armature windings
are not considered, leaving only the PMs as the source of the

magnetic field [25]. Without considering the stator slotting
effect, the airgap flux density distribution produced by PMs
can be calculated as:
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where, Bpas(ip,t) is the flux density distribution in the airgap
due to PMs; Fpys the amplitude of the square-wave MMF
created by PMs; A,,, the average of the maximum and
minimum of the airgap permeance; Ppj; half of the number of
PMs; ¢ the mechanical angle alongside the peripheral of the
airgap with its initial position with respect to the reference axis
©o; kpar is equal to (2k+ 1) Ppys and k is a positive integer;
N, the number of rotor protrusions, w, the mechanical speed
of the rotor, and 6, and t are the rotor initial position and
time, respectively. Considering only the PMs as the source
of magnetic flux, according to Eq. (1), there are three groups
of flux density harmonics with different rotational speeds and
respective pole pairs of kpar, Kpar + Npr, and |Kpar — Npy|.

The distribution of airgap flux density as a result of disre-
garding the PMs and only considering the armature winding
Bar(p,t) [28], can be similarly obtained:
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where, Bagr(p,t) is the distribution of airgap flux density
solely from the armature windings; W,,,4, and I,,, are the saw-
tooth wave winding function and phase current peak values,
respectively; Pagr is the number of coils per phase in the
armature winding; variables m, r, and ¢ are positive integers,
and m = 3r + 1 = tPag; w is the electrical frequency; ¢,
the phase angle relative to ¢,o from the reference axis to the
winding axis with three groups of flux density harmonics with
m, m + Ny, and |m — Np,.| pole pairs.
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Fig. 5. The proposed two-level optimization algorithm is based on the
differential evolution method using the design of experiments for initialization
with an interior loop.

The overall electromagnetic performance of the machine
is determined by the combination of stator PMs, rotor pro-
trusions, and stator toroidal coil layout. The electromagnetic
torque can be obtained using the principle of virtual work with
the closed-form analytical airgap flux density distributions of
PMs, Bpas(p,t), and armature windings, Bag(p,t), and can
be expressed by:
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Tome = — [ 2220 4y
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where, D, is the stator outer diameter, g the airgap length, and
L4 the machine axial stack length. By using the orthogonal
properties of sinusoidal behavior, it can be inferred that only

3)

Table II
INDEPENDENT VARIABLES FOR THE OPTIMIZATION, THEIR DESCRIPTION
BASED ON DESIGN SPECIFICATIONS, AND CORRESPONDING VALUES.

Variable Description Min  Max
g airgap [mm] 5.00 6.00
k_split split ratio 0.89 0.97
k_PM PM length ratio 0.82 1.2
k_PM_w PM width ratio 0.12  0.38
k_bridge bridge length ratio 021 0.44
k_slot slot length ratio 032 0.78
k_slot_w slot width ratio 0.12  0.38
k_top rotor pole top ratio 024 0.72
k_root rotor pole root ratio 035 0.65
k_rotor rotor pole depth ratio  0.30  0.70
k_split_stator  stator split ratio 093 0.96
k_stator stator extension ratio 0.78 0.88

the dominant airgap flux density harmonics from the PM and
armature fields with pole pairs of 4, 6, 8, 16, 18, and 28
will create a non-zero average electromagnetic torque in the
example generator.

The suitable combinations of stator PMs, rotor protrusions,
and stator winding patterns that provide non-zero average
torque can be derived by analyzing Eq. (3). The designs with 5,
and 7 protrusions with a stator including 6 PMs and 6 toroidal
coils, and the designs with 10, 14, and seven protrusions with
a stator including 12 PMs and 12 toroidal coils, are typical
topologies produced by this method. The proposed topology
explored herein has 70 rotor protrusions and 60 stator PM
and toroidal coils, which are a set of the possible working
combinations of rotor protrusions, stator PMs, and coils, which
must be multiples of 14 and 12, respectively.

IV. PROBLEM FORMULATION AND DIFFERENTIAL
EVOLUTION OPTIMIZATION

The target rated power and speed for the direct-drive wind
turbine design under study are 3MW and 15rpm. The literature
review along with parametric analysis, revealed appropriate
values for the outer diameter, current density, and the num-
ber of magnetic poles prior to the optimization while other
geometrical variables were systematically adjusted to target
the most favorable design. Design optimization techniques
are typically employed for seeking optimal designs, with
differential evolution (DE) being a popular population-based
evolutionary optimization algorithm widely used in various
fields.

Differential evolution operates on the principle of improving
a group of potential solutions over several iterations [29].
Unlike some other optimization methods, DE does not require
any information about the mathematical properties of the prob-
lem, making it particularly useful in complex multi-objective
optimization scenarios, such as the case under study. Detailed
optimization of the proposed design using DE was carried out
considering the farthest geometrically and mechanically stable
limits that would satisfy the set objective functions.

In wind turbine generators, key objectives include minimal
mass and torque ripple and maximal efficiency to ensure cost-
effective operation/longevity and structural reliability. Hence,
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Fig. 6. The response surface method analysis example results are presented to show the effect of independent variables on the generator’s active mass and
losses. The independent variables studied are reported in Table II, and example results are shown here for (a) PM depth extension in the radial direction, (b)
the coil width in the circumferential direction, and (c) the ratio of airgap diameter to generator outer diameter.

three concurrent optimization objectives in this study are to
minimize the power loss F}, active mass F5, and torque ripple
F: 3.
Fy = Py = Ppe + Pcu,
I = Ms + Mrv

Tmax - Tmin
F=T, =
° Tavg

with an additional constraint only on the power factor (PF)
to a minimum value of 0.7. The constraint on PF improves
the designs in each generation to have a PF higher than 0.7,
which is advantageous in terms of reducing the total power
rating of the generator and therefore the inverter cost, which
is explained in Section V.

“4)
x 100%,

The objective function for power loss was calculated as
the sum of the variable and constant losses of the generator,
where Pr. represents the core loss (constant losses) and Pcy,,
represents the copper loss (variable losses). The objective func-
tion for mass only considers the mass of active components
including the stator mass, M, combining the mass of the core,
winding, and permanent magnets, and the rotor core mass, M...
The torque ripple is calculated by dividing the difference of the
maximum of the electromagnetic torque 75,42, and minimum
T'nin, by the average T),,4.

In this paper, 12 geometrical variables were considered for
optimization, as illustrated in Fig. 3c and detailed in Table
II. The table provides descriptions and the selected range for
each variable. Notably, only the air gap is expressed in absolute
values measured in millimeters (“mm”

The upper and lower limits of the design variables were set
through an efficient and automated response surface method
(RSM) to ensure a robust FEA model and a wide optimization
area. The response surface method is a statistical approach
used to create models that showcase the relationship between
design variables and responses, based on real experiments
or simulations. Normalized non-linear regression coefficients
provided by RSM show the influence of independent variables
on performance indices such as electromagnetic torque.

It should be noted that the RSM implemented in this
research follows the typical approach, which is a useful tool
to potentially minimize the number of variables and hence the
computational effort. In the case of the proposed generator,
the operation of which is affected by the non-linearity, it has

been observed that all of the variables are substantial.

To manage the complexity of the response function, in this
paper a second-order polynomial model was used for RSM
assuming a functional relationship with scaled and centered
design units. At this step, FEA was employed to generate
the initial responses for RSM, focusing on the generator
characteristics and performance including mass, torque, and
losses, which are influenced by independent design variables.

The FEA results are initially provided to the RSM analysis
to generate a range of designs without conducting any extra
FEA analysis, as illustrated in Fig. 6. The number of FEA
results given to RSM is one order of magnitude smaller than
the generated results produced by RSM, which shows the
efficiency of this method. These designs have been analyzed
to identify the most effective parameters, prevent geometric
errors during the optimization process, and establish suitable
ranges for the independent variables employed in the optimiza-
tion, as detailed in Table II.

In order to decide the suitable ranges for the independent
variables, for instance, the outcomes of RSM, exemplified in
Fig. 6a, aid in defining the ranges for the ratio of PM depth
extension in the radial direction to stator depth. To attain the
objectives of minimized mass, and losses, it is advisable to
focus on the lower end of the specified ranges within the
optimization problem. A similar analysis has been performed
for the example results shown in Figs. 6b, 6c, and all the
independent variables in this study.

The optimization process is depicted as a flowchart in Fig.
5. It should be noted that through the use of a two-pass study, it
was made certain that each design was capable of producing
the rated torque at the rated speed. In the first step of the
process, a predetermined stack length was used to examine the
design. The stack length was scaled based on the difference
between the simulated torque results and the rated torque and
the design was re-evaluated to ensure the target torque was
obtained.

Multi-objective optimizations use termination criteria to de-
termine when to stop the process. A hybrid stopping criterion
was used in this paper that considered the convergence of
the optimization algorithm where the termination criterion
was either a maximum number of generations or a minimal
improvement in three representative points of the Pareto front
for a few consecutive generations [30].



Table III
PERFORMANCE OF THE OPTIMAL DESIGNS ON THE PARETO. THE BEST DESIGNS WITH SPECIAL TYPE PMS SHOW COMPARATIVE PERFORMANCE TO
THOSE WITH RARE-EARTH PMS. THE GENERATOR RATED POWER AND SPEED ARE 3 MW, AND 15 RPM, RESPECTIVELY.

Design Outer Airgap Stack Electromagnetic Power Torque Specific Goodness

ID diameter [m]  diameter [m]  length [m] efficiency [%] factor [-]  density [Nm/L] thrust [KN/m2]  [kKNm/v/Wioss]
Best designs with special type permanent magnets (5, = 1T)

A 5.0 4.7 1.7 96.9 0.76 52.5 32.180 6.173

B 5.0 4.8 1.7 96.6 0.67 52.0 31.440 5.902
Best designs with rare-earth permanent magnets (B, = 1.3T)

C 5.0 4.7 2.1 97.1 0.90 43.8 34.857 6.380

D 5.0 4.7 2.0 97.2 0.90 452 36.432 6.473
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Fig. 7. The multi-objective optimization results: (a) The results for PM with
B, equal to 1T, showing the torque density of each design as the color
map, (b) Pareto optimal designs of optimization results of PMs with different
remanent flux densities.

V. OPTIMIZATION RESULTS,
DESIGN VARIATIONS, AND DISCUSSION

Multiple designs were optimized exploring a range of per-
manent magnet materials, each with a unique remanent flux
density (B,.). To this end, ferrite and special type PMs with B,
values of 0.4 and 1T, as well as rare-earth magnetic materials
with B, of 1.3T were examined. A population size of fifty
different designs per generation was used in each scenario
to ensure an extensive exploration of the design space. The
outcomes of the optimization process for each condition are
depicted in Figs. 7 and 8. To evaluate the performance of the
generated designs, 2D-FEA simulations were conducted using
Ansys Electronics Desktop 2023 software [31].

A. Optimization Results

The optimization results for non-rare-earth permanent mag-
net materials with a remanent magnetic flux density of 0.4T,

shown in Fig. 8a, indicate that the optimal designs with low
torque ripple, minimum losses, and high power factors, tend to
have higher masses. The torque ripple of the selected designs
is shown as the size of each point in data presented in Fig.
8, which has a minimal effect on the performance due to the
very high mass and inertia of the active components.

The power factor is high for the majority of designs, and in
some is close to unity, which contributes to a smaller power
electronic unit. Also, for design targets of minimum mass,
losses, and torque ripple with rare-earth permanent magnets,
with optimization results shown in Fig. 7a, the best designs
have high torque density which is in line with expectations.

The Pareto fronts of the optimal designs of the three
PM materials used for the wind generator under study are
combined and depicted in Fig. 7b. The results show that the
Pareto fronts of the optimal designs using permanent magnets
with a remanent flux density of 0.4T are clearly distinguished
from generators that use PMs with a B;. of 1 and 1.3T.

Optimization results indicate that by utilizing high-energy
special type PMs produced by the company Niron Magnetics
[32], it is possible to achieve comparable performance to
direct-drive generators that employ rare-earth PMs, as in-
vestigated in the literature reported in Table I. It is also
shown that the selected designs have a higher PM mass
compared to designs in the literature and therefore have a
higher specific PM mass. Compared to NdFeB, the special
type permanent magnets introduced by Niron Magnetics have
been characterized as having a comparable performance, lower
cost, and high price stability [32].

Owing to the high flux concentrating topology, most uti-
lization of permanent magnet flux can be achieved. The flux
lines and flux density distribution of the proposed generator
are shown in Fig. 3d, where the flux linkage is shown in the
airgap. The inner side of the stator can extend and allow for
a larger permanent magnet without any significant magnetic
flux leakage due to the high reluctance of the magnetic circuit.
The significant improvement by the flux-intensifying topology
described in this study results in a similar performance to de-
signs with NdFeB while utilizing significantly less expensive
permanent magnet materials.

B. Design Variations and Cost Model

The ability of the proposed topology to make use of special
type PMs can significantly reduce the cost of permanent
magnet materials for this application, which requires a signif-
icant amount of PMs. According to the cost model examples
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Fig. 8. The multi-objective optimization results, showing the design distribution considering the mass, losses, power factor, and torque ripple for the generators
using, (a) Br= 04T, (b) B,=1T, and (c¢) B,= 1.3T. The size of the circle marker for each design is proportional to the torque ripple.

presented by Rosu er al. [30], the cost of active materials
for machines with ferrite (C7), special type PMs (C5), and
NdFeB (C}), relative to per unit mass of laminated steel can
be estimated by:

C1 =5mppy + 8mey + Impe,
Cy =50mpps + 8mey + Impe, (5)
03 = 65mP]\/I + 8mCu + 1mF€a

where mp. is the mass of laminated steel, m¢, mass of
copper, and my,,,, mass of permanent magnets.

Example designs marked with a star on the Pareto are
shown in Fig. 7b. The optimum design A with special type
PMs for example has a goodness of 6.173kNm/+/W;,ss, and
a specific thrust of 32.180kN/m?, which are comparable to
the designs reported in the literature documented in Table I,
that use expensive and high remanence PMs. Four of the best
optimization selected designs employing PMs with 1 and 1.3T
remanence are depicted in Fig. 9. The designs with special type
PMs have a shorter stack length and therefore lower PM mass
compared to designs with rare-earth PMs, and hence according
to the cost model, the designs with special type PM, have a
lower p.u. PM cost. It can be concluded that the cost of active
materials for designs with special type permanent magnets is
lower than the designs using NdFeB.

The cost of the wind turbine energy conversion system is
determined by both the generator and its associated power
electronics. The cost of power electronics varies in a wide
range with an example reported by the National Renewable
Energy Laboratory (NREL), which indicates it does not exceed
more than 25% of the total system cost [33]. This cost is
influenced by the power rating, with a small allowance for
power factor variations. In this research, a constraint was
set, requiring a power factor higher than 0.7, which reduces
the total power rating of the generator and hence the cost
of converters and related components. The implementation of
multi-phase windings can further reduce the converter DC link
capacitor size and price.

A comprehensive comparison of the geometric and perfor-
mance indices of the best designs on the Pareto is provided
in Table III. The table indicates that achieving comparable
performance between special type permanent magnets and
their rare-earth counterparts is feasible. The generator novel
flux intensifying topology and the applied constraint on power

factor have resulted in a longer stack length in designs with
rare earth PMs, hence the overall envelope of those designs is
larger and results in a lower torque density.

C. Discussion

Short-circuit currents were injected with values of 1p.u. and
2p.u., representing the largest fault condition to investigate
demagnetization avoidance in the selected designs. Designs
featuring special type PMs and rare-earth permanent magnets,
known for their high coercivity, underwent a thorough exam-
ination for demagnetization under the mentioned short-circuit
currents. In both scenarios, the observed minimum operating
point of the PMs was greater than the demagnetization thresh-
old and therefore indicated the absence of demagnetization.

The generator’s rated speed is 15rpm which results in a
minimal core-to-total loss ratio, with copper losses emerging
as the primary factor influencing its efficiency. Additionally, it
should be noted in this generator the conductor eddy current
losses are negligible and can be further reduced, as suggested
in a study by Taran et al. [34], through measures such as
avoiding filling the top of the slot or increasing the distance
of the entire slot from the air gap.

The substitution of copper with aluminum in the armature
windings of wind turbines can significantly reduce costs and
mass. It should be noted that the mass density between copper
and aluminum is significant, where aluminum has a density
that is approximately one-third of copper. Furthermore, the
cost of aluminum is almost half of copper. Therefore, replacing
copper with aluminum can result in a significant reduction in
the mass of the wind turbine generator, which can lead to a
reduction in the cost of materials and potentially lower the
cost of power generated by the turbine.

To investigate the effect of aluminum windings on the per-
formance of wind turbines, as a first attempt pending further
optimization work, the optimized configuration using copper
windings was adapted to use aluminum. The optimized design
topology was modified by replacing the copper windings with
aluminum. To ensure that the substitution of materials did not
compromise the performance of the wind turbine generator, the
selected design was carefully modified to maintain the 3MW
power.

Aluminum has lower electrical conductivity compared to
copper, which may lead to higher joule losses and reduced
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Fig. 10. Cross-section of the optimized design “A” topology using special
type PM with, (a) copper winding, and (b) aluminum winding.

efficiency, therefore to compensate for the difference in con-
ductivity between copper and aluminum, the coil slot area was
almost doubled, as shown in Fig. 10. This modification ensured
that the aluminum windings could provide similar electrical
performance to the original copper windings. In the design
with aluminum winding, increased slot size and a smaller
yoke, with deeper and narrower teeth, reduces the stator core
mass by 2%, contributing to a 2% generator and 36% armature
winding mass reduction, which significantly lowers the active
material cost.
VI. CONCLUSION

In this paper, the optimization process yielded direct-drive
wind turbine generators featuring different PM types, demon-
strating comparable performance in terms of specific thrust,
Goodness, and efficiency with low torque ripple and high
power factor to that of designs with rare-earth PMs. The pro-
posed design incorporated a robust outer rotor configuration,
enhancing magnetic flux through a modular stator with special
toroidal windings and spoke PMs. This concept emerged from
a validated computational model of a small-scale prototype
motor, systematically verified through experiments.

Additional studies confirmed the demagnetization avoidance
of the proposed designs. A significant mass reduction by

using aluminum winding, exceeding 35% compared to copper
winding, was observed. These findings imply potential en-
hancements in the efficiency, cost-effectiveness, and material
utilization of the proposed wind turbine generator.
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