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Abstract—This paper presents a comprehensive analysis of
the feasibility, cost, and electromagnetic performance of five
distinct types of axial flux permanent magnet (AFPM) generators
designed for direct-drive wind turbines. The generator config-
urations investigated include a single-sided AFPM generator
with a surface-mounted PM rotor (AFPMG), a double-sided
AFPM generator featuring PMs on the stator and a reluctance
rotor (AFPMG-RR), a coreless stator AFPM generator with
surface PMs (CAFPMG-SPM), and a coreless stator AFPM
generator with a Halbach PM array rotor (CAFPMG-Hal).
Each generator’s operating principles and configurations are
thoroughly explained and compared. Large-scale multi-objective
design optimizations were conducted on each type, taking advan-
tage of symmetric computational models and using a differential
evolution algorithm based on 3D finite element analysis (FEA)
to minimize cost and mass while maximizing efficiency for all
designs. A comprehensive discussion of the optimization results
highlights the merits of each configuration. The findings indicate
and confirm that AFPM generators can potentially achieve
superior performance compared to their radial counterparts, as
reported in the literature, while also benefiting from more robust
and compatible mechanical integration with wind turbines.

Index Terms—Axial flux PM machines, coreless AFPM, Hal-
bach array, 3D FEA, axial flux switching, differential evolution,
direct-drive wind turbine.

I. INTRODUCTION

Wind power generation has become a critical component
in the global transition to renewable energy, driven by its
potential to reduce carbon emissions and dependence on fossil
fuels. As a clean and sustainable energy source, wind power
is increasingly being integrated into national grids to combat
climate change and meet growing energy demands.

According to the International Renewable Energy Agency
(IRENA), wind power capacity has seen rapid growth, ac-
counting for a significant share of global renewable electricity
generation in recent years [1]. Advances in wind turbine
(WT) technology, such as the development of more efficient
generators and improved aerodynamics, have enhanced the
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energy output and economic viability of wind farms, making
them a competitive alternative to traditional power sources [2].

The growing global demand for renewable energy, partic-
ularly wind power, has prompted manufacturers to focus on
increasing the power output of wind turbine generators. In
traditional geared generators, high-power turbines are often
coupled with gearboxes to convert the low rotational speed
of the turbine to the higher speed desirable for synchronous
generators [3]. Studies have shown that gearboxes are prone
to shorter lifespans than the wind turbine generators, resulting
in frequent maintenance and higher operational costs [4].

To address these challenges, direct-drive wind turbine gener-
ators, which do not rely on gearboxes, have gained significant
attention [5]. These systems offer several advantages over their
geared counterparts, including reduced maintenance costs and
improved reliability [6]. Removal of the gearing also enhances
the overall efficiency of wind energy systems according to [7],
which can improve the performance of wind farms and their
economic viability.

Direct-drive wind turbines operate without gearbox at rela-
tively low speeds, requiring large generators to achieve the
necessary torque. Consequently, maximizing power output
while minimizing generator mass is crucial [8]. Permanent
magnet synchronous generators (PMSGs), known for their
high power density, are well-suited for this application as they
can deliver the required power with a more compact design,
making them the primary choice for direct-drive wind turbine
generator systems [9].

Axial flux PM machines offer a promising approach to
further reducing generator mass, as they can achieve higher
power output in a more compact configuration compared
to prevalent radial flux machines [10], [11]. Beyond their
potential to reduce mass, AFPM generators also facilitate more
straightforward direct integration with the wind turbine rotor,
reducing the complexity and cost of mechanical components
[12]. A design exemplifying the benefits of this integration for
a large AFPM generator in wind turbines is detailed in [13].

Challenges in AFPM machines may include high normal
forces and complex assembly, while their advantages include
a unique form factor for the rotor hub and nacelle, as ex-
emplified in [14]. Although AFPM machines generally have
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larger outer diameters compared to their radial flux counter-
parts, their compact form factor allows for multiple stacked
AFPM generators on the same shaft, substantially increasing
overall power output. Additionally, AFPM generators present
enhanced manufacturing modularity and segmentation capa-
bility compared to radial flux ones, as demonstrated in [15].
This feature is particularly advantageous for direct-drive wind
turbine generators, as it significantly impacts transportation,
installation, and maintenance.

This paper, which extends previous work in [16], system-
atically compares five distinct AFPM generator topologies.
Namely coreless stator designs with surface-mounted and
Halbach array PM rotor types, a single-sided conventional
structure with a surface-mounted PM rotor at two pole-to-slot
ratios, and a version with a double-sided reluctance rotor and
combined PM and AC excitation on the stator. Each generator
topology is optimized for identical power and speed ratings
using a combined differential evolution algorithm and 3D finite
element analysis (FEA). The optimization results form the
foundation for a detailed analysis and comparison of these
generator types in terms of mass, cost, and efficiency.

This work makes several key contributions. It provides
a comprehensive literature review on AFPM generators for
direct-drive wind turbines, highlighting their inherent elec-
tromagnetic and mechanical advantages while examining ad-
vancements in the field. To optimize the proposed generator
topologies for the same power rating, a novel and highly
flexible optimization algorithm is introduced, aligning with
AFPM machine design principles by treating the outer diam-
eter as a dependent variable of the rated power and main-
taining constant current loading to facilitate natural cooling.
Furthermore, unlike conventional approaches that assume a
fixed pole number, this study considers the pole number
as an independent variable in the optimization process. By
employing complex 3D FEA modeling, the impact of pole
number variations on generator performance is thoroughly
investigated, leading to a more refined and effective design
methodology. These contributions collectively enhance the
design and optimization of AFPM generators, improving their
applicability for direct-drive wind turbine systems.

The paper is organized as follows: Section II provides
a brief literature review of AFPM generators. Section III
describes the AFPM generator topologies under investigation
and outlines their fundamental operating principle. Section IV
explains the problem formulation, specifying the optimization
objectives for the coreless AFPM designs, including a focus on
minimizing loss and active mass across all topologies. Section
V presents the results of the multi-objective optimization,
including an analysis of Pareto fronts for cost and pole count,
along with experimental validation of the FEA models.

II. LITERATURE REVIEW

Several previous research projects have assessed and an-
alyzed the performance of AFPM generators with various
topologies for direct-drive wind turbines. Muljadi et al. [12]
introduced a three-layer AFPM generator design, each layer

representing one phase. This configuration offers a high degree
of modularity, facilitating simplified manufacturing, trans-
portation, installation, and maintenance processes. However
there can be minor phase unbalance due to the different radial
positions of the phases. The study highlights the advantages
of axial flux construction over radial flux designs, particularly
in enabling the stacking of multiple stages to increase rated
power without altering the outer diameter.

In another example by Chalmers et al. [17], an axial flux
generator featuring a slotless stator and double-sided surface-
mounted PM rotors was proposed. This topology minimizes
cogging torque, torque ripple, and noise while enhancing the
ratios of power to mass and volume attributed to the absence of
stator teeth. Additionally, the normal force between the stator
and rotor is more balanced when compared to a toothed stator,
potentially reducing the mass of mechanical components.

Vestas Wind Systems introduced an innovative AFPM gen-
erator concept in 2012, which was designed for large direct-
drive wind turbine with outer diameters exceeding 5 meters
[15]. The generator features a multi-toothed structure with
armature windings and field excitation on the stator. The
stator slots are occupied by the armature windings, while
PMs are mounted on top of these slots. The rotor consists of
ferromagnetic segments embedded within a non-ferromagnetic
plate. The stator comprises multiple linear machine segments
distributed around the generator’s periphery, incorporating
rectangular slots and teeth. This design significantly simplifies
the manufacturing and maintenance process of large wind
turbines. Furthermore, the patent also explored variations in
which the PMs are replaced by field windings on the stator.

More recent efforts have aimed to reduce generator mass
further, leading to the development of designs featuring core-
less stator configurations. Coreless stator designs are struc-
turally similar to conventional AFPM generators, with the
notable distinction of having no stator core, which substan-
tially decreases the mass of active materials. Jean-Sola et
al. demonstrated that the absence of a ferromagnetic stator
core reduces the normal force between the stator and rotor,
allowing for a substantially lighter mechanical components
[18]. Although a normal force persists between the two rotors,
it can be effectively managed by incorporating a C-shaped
rotor core, as outlined in [19].

Beyond the relatively lower mass, coreless stator AFPM
generators exhibit low starting torque, reduced vibration, and
potentially high efficiency, making them highly suitable for
direct-drive wind turbines [20]. Muller et al. developed multi-
stage coreless AFPM generators for direct-drive wind turbines
across various power ratings, including a 1 MW demonstrator
operating at 12 rpm with an outer diameter of 6.4 meters [21],
[22]. The generator topology comprises N concentrated three-
phase air-cored winding stators sandwiched between N + 1
surface-mounted PM rotors.

Boulder Wind Power, supported by funding from the US
Department of Energy (DOE), developed a single-stage core-
less stator AFPM generator with a rated power of 6 MW and
an outer diameter of 20 meters [14]. The stator design utilizes
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Fig. 1. Coreless stator axial flux permanent magnet generator (CAFPMG) concepts with surface-mounted and Halbach array PM rotors proposed for direct-
drive wind turbines. (a) highlights the labeled active components; (b) shows the flux density distribution, with the rotor back iron removed in the Halbach
array PM variant; (c) and (d) present slightly exploded views of the two configurations in an example design; and (e) illustrates a simplified mechanical
structure for the Halbach array rotor variant, incorporating composite materials.

printed circuit board (PCB) materials based on the concept
first introduced in [23]. This PCB-based approach accelerates
production, minimizes human error through automation, and
significantly reduces costs compared to Litze wire, particularly
in mass production scenarios.

While coreless stator AFPM generators reduce the mass
of both active and inactive components, they require a larger
volume of magnets to compensate for the lower flux density in
the airgap compared to their conventional cored counterparts,
which can significantly raise costs. Alternatively, if magnet
volume is limited to the same values as a cored AFPM
generator of the same size, the coreless design produces less
power. Consequently, AFPM generators with coreless stators
often have larger dimensions than similarly rated cored stator
designs, which may even result in a heavier generator.

III. GENERATOR TOPOLOGIES

The applications of the generators introduced in the fol-
lowing sections are not limited to wind turbine generators;
similar variations can also be found in applications such as ve-
hicles, aircraft, and HVAC systems, as discussed in [24]–[26].
Adapting these generators for different applications requires
modifications in topology and design objectives to meet the
specific requirements of each scenario. For instance, core and
conductor eddy current losses in high-speed applications can
become significant, necessitating topology modifications and
design constraints to mitigate these effects.

A. Coreless Stator AFPM Generators

The coreless stator axial flux permanent magnet generators
(CAFPMGs) considered in this paper employ single-layer
PCB stators positioned between three rotors—two outer rotors
and one middle rotor. For the outer rotor, two designs are
considered: one with a conventional surface-mounted PM

(SPM) rotor and the other with a Halbach array PM rotor, as
shown in Figs. 1(c) and 1(d). In the SPM rotor, magnets with
alternating polarity are mounted on a ferromagnetic back iron,
which serves as the flux return path. The Halbach array rotor,
by contrast, is composed of four magnets per wavelength (two
pole pitches), where the magnetization direction of consecutive
magnets differs by 90 degrees.

The middle rotor has the same configuration in both CAFP-
MGs and consists of normally magnetized magnets embedded
in a non-ferromagnetic plate. This rotor has the same pole
number as the outer rotors and guides magnetic flux from one
outer rotor to another. The proposed CAFPMG topologies are
novel, combining a multi-disk configuration with PCB stators
for direct-drive wind turbines.

Three-dimensional (3D) magnetic flux density distribution
for a sample design of the proposed CAFPMGs featuring SPM
and Halbach outer rotors are illustrated in Fig. 1b. The Halbach
array configuration enhances the magnetic flux density on one
side of the array while significantly reducing it on the opposite
side. This characteristic eliminates the need for a rotor back
iron, potentially reducing the active mass of the rotor and
improving overall efficiency.

Each stator is designed with a three-phase concentrated
winding configuration featuring a coil span of 240 electrical
degrees (equivalent to three coils spanning over four poles).
As demonstrated by Eastham et al. [27], this winding layout
achieves the highest winding factor in CAFPM machines,
maximizing torque production. The pole-to-coil ratio of 4/3
in coreless AFPM machines corresponds to an 8/6 pole-to-
slot ratio in conventional machines, meaning the pole number
can be a multiple of four in the proposed CAFPMGs. The
stator coils are designed with rectangular copper Litz wire to
mitigate eddy current losses. Both stators are identical and can



(a) (b)
Fig. 2. Conventional single-sided AFPM generator with a 10/12 pole-to-slot
ratio (AFPMG-10/12), showing (a) labeled active electromagnetic components
and (b) an exploded view of an example design.

(a) (b)

(c) (d)
Fig. 3. Operating principle of the proposed AFPMG-RR from a generator-
oriented perspective, illustrating positions where flux linkage in the coil is at
(a) maximum, (b) zero, (c) minimum, and (d) zero.

be mounted on a lightweight composite material to minimize
the overall generator mass.

In coreless stator machines, torque production can be ex-
plained by the Lorentz force principle, which describes the
interaction between the rotating magnetic field of the rotor
and the current-carrying conductors in the stator [28]. Due to
the absence of saliency in the stator, the normal force between
the rotor and stator is lower than in conventional machines,
potentially contributing to a reduction in the overall mass of
mechanical components. A normal force still exists between
the rotors, and this force becomes increasingly complex as the
number of stators and rotors rises to achieve higher power.

B. Single-Sided AFPM Generators

The conventional single-sided AFPM generator (AFPMG)
consists of a slotted stator and a surface-mounted PM rotor,
as shown in Fig. 2. While it may seem that a double-
sided yokeless and segmented armature (YASA) topology

(a) (b)
Fig. 4. Axial flux generator concept with combined PM and AC excitation
on the stator and double-sided reluctance rotors (AFPMG-RR), showing (a)
labeled active components and (b) an exploded view of an example design.

could outperform a single-sided structure, Taran et al. [25]
demonstrated that both configurations deliver similar torque
capabilities when using the same PM volume.

The YASA topology is advantageous for high-speed appli-
cations, as it replaces the stator yoke with an additional rotor,
thereby reducing core losses. However, for low-speed, direct-
drive wind turbines, core losses are less critical, and the single-
sided design simplifies both manufacturing and mechanical
integration of the generator with the wind turbine, making it
the preferred structure.

The stator in this design features a tooth tip, which allows
adjustments between open- and closed-slot configurations. The
stator tooth tip enables a more sinusoidal armature flux density,
thereby reducing PM eddy current losses as well as eddy
current losses in the stator conductors [29]. Additionally,
implementing a stator tooth tip potentially improves cogging
torque, torque ripple, and vibration [30].

This study considers two pole-to-slot number ratios for the
AFPMG topology. One ratio is 10/12, validated through a low-
scale prototype, and the other is the conventional 8/6, which
matches the pole-to-slot ratio of the CAFPMGs. For the 10/12
configuration, the pole number is a multiple of 10, while for
the 8/6 configuration, it is a multiple of 8.

C. Axial Flux PM Generator with Reluctance Rotor and PM
Stator Combined Excitations

This novel AFPM generator features a double-sided re-
luctance rotor with a modular stator structure that supports
both field and armature excitations. The absence of PMs or
field excitation windings on the rotor makes the rotor of this
AFPMG-RR potentially lighter than conventional CAFPMGs
and AFPMGs, which could reduce the overall mass of the
rotor’s mechanical structure. The stator modules are separated
by tangentially magnetized PMs, with AC windings toroidally
wound around the back iron of each module.

The tangentially magnetized PMs have alternating magneti-
zation directions in each of two consecutive PMs, resulting in
high flux concentration within the stator modules. The toroidal
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Fig. 5. Geometric design variables applied in the parametric model for the multi-objective optimization, shown for (a) CAFPMGs with surface-mounted PM
and Halbach array rotors, (b) conventional AFPMG, and (c) AFPMG-RR configurations.

winding configuration offers a high winding factor and reduces
losses due to the shortened end winding. This winding config-
uration, combined with the modular stator design, facilitates
the manufacturing, transportation, and assembly processes,
potentially making it a suitable topology for WT generators.

The power generation mechanism of the proposed AFPMG-
RR is illustrated in Fig. 3, which shows a straight line diagram
corresponding to a part cylindrical surface positioned at the
radial center of the stator shown in Fig. 4a. At the rotor
position in Fig. 3a, the magnetic circuit reluctance (MCR)
reaches its minimum when the rotor teeth align with the stator
teeth, maximizing the flux linkage in the coil. As the rotor
advances to the position shown in Fig. 3b, MCR is maximized
when the rotor teeth align with the PMs, reducing the coil’s
flux linkage to zero. Upon further rotation to the position
depicted in the Fig. 3c, reluctance again decreases, and the
flux linkage in the coil reaches its peak, though with reversed
polarity due to the change in magnetic flux direction. Finally,
in the position illustrated in Fig. 3d, the rotor teeth align with
the stator slots, again maximizing reluctance and reducing
the coil’s flux linkage to zero. This completes one electrical
cycle, and the process repeats as the rotor continues rotating,
generating a continuous AC output.

One complete electrical cycle corresponds to a single rotor
tooth pitch, during which the flux-linkage direction reverses
twice. This indicates that the number of rotor teeth in this type
of machine is equivalent to the pole pair count of PM rotors
in conventional synchronous machines [31]. For the proposed
generator in this paper, the rotor tooth-to-slot ratio is 10/12,
meaning the rotor has a multiple of ten teeth, corresponding
to multiples of 20 magnetic poles.

IV. PROBLEM FORMULATION AND 3D FEA BASED
DIFFERENTIAL EVOLUTION DESIGN OPTIMIZATION

The direct-drive wind turbine under study targets a rated
power of 3 MW at 15 rpm. In such wind turbine generators,
key objectives are to minimize mass and maximize efficiency,
ensuring cost-effective operation and structural reliability [8],
[14], [32]. Therefore, this study employs a dual-objective

TABLE I
INDEPENDENT OPTIMIZATION VARIABLES AND THEIR CORRESPONDING

LIMITS FOR CAFPMGS WITH SPM AND HALBACH ARRAY ROTORS.

Var. Description
CAFPMG-SPM CAFPMG-Hal

Min. Max. Min. Max.

P Pole number 80 160 80 160

Kdr Radial length, Dro−Dri

Dro
0.10 0.30 0.10 0.30

KLPM1
Outer rotor PM length, LPM1

τp
0.25 0.55 0.25 0.55

KLPM2
Middle rotor PM length, LPM2

τp
0.50 1.20 0.50 1.10

KβPM1
Outer rotor PM arc, βPM1

τp
0.60 1.00 N/A N/A

KβPM2
Middle rotor PM arc, βPM2

τp
0.60 1.00 0.60 1.00

Kg Magnet-to-magnet gap, gM2M

τp
0.35 0.60 0.35 0.60

Koh Overhang ratio, Dso−Dro

2Wc
0.00 1.00 0.00 1.00

Kry Rotor back iron length, Lry

τp
0.25 0.75 N/A N/A

optimization approach, targeting the minimization of active
mass, Fm, and power loss, Fl:

Fm = MPM +MCu +Mrotor +Mstator (1)

Fl = PCu + PFe. (2)

The mass objective function accounts only for the mass of
active components, including the PM mass, MPM , copper
mass MCu, rotor core mass Mrotor, and stator core mass
Mstator. The objective function for power loss is determined
by summing the generator’s losses, where PFe represents core
losses and PCu represents copper losses. A power factor (P.F.)
constraint of 0.7 was applied, ensuring that designs in each
generation achieve a P.F. above this threshold.

Each of the AFPM generator topologies considered in this
paper has distinct advantages and limitations, as discussed
in the topology section. This research aims to evaluate their
suitability for direct-drive wind turbines when optimized for
the same power rating and performance criteria. While one
topology may outperform others in some aspects of this
specific application, different design objectives or operational
requirements could make another topology more favorable in



TABLE II
INDEPENDENT OPTIMIZATION VARIABLES AND THEIR CORRESPONDING

LIMITS FOR CONVENTIONAL AFPMGS WITH 10/12 AND 8/6
POLE-TO-SLOT RATIOS.

Var. Description Min. Max.

P Pole number 80 160

Kdr Radial length, Dro−Dri

Dro
0.10 0.30

KLPM1
Rotor PM length, LPM1

τp
0.25 0.55

KWPM1
Rotor PM arc, βPM1

τp
0.50 1.00

Kry Rotor back iron length, Lry

τp
0.50 1.00

Ksy Stator yoke length, Lsy

τs
0.40 1.00

KLst
Stator tooth length, Lst

τs
0.80 2.00

KWss Stator slot width, Wss

τs
0.30 0.80

KWst
Stator tooth tip width, 2Wst

Wss
0.10 1.00

Kβst
Stator tooth tip angle, βst

90 0.10 0.50

alternative scenarios.
Axial flux machines present complex 3D electromagnetic

problems, requiring computationally intensive 3D FEA for
accurate modeling. Various 2D and quasi-3D modeling ap-
proaches have been proposed in the literature to reduce com-
putational costs [28], [33], [34], with examples also available
in commercial software such as MotorXP [35]. These methods
approximate AFPM machines by slicing them at one or multi-
ple radii and unrolling the sections to create 2D linear models.
While such equivalent modeling techniques enable faster cal-
culations, they may introduce inaccuracies, particularly for big
AFPM machines with large air-gaps and radial lengths. Large
air gaps amplify edge effects, especially in CAFPMGs, which
are highly susceptible to air-gap fringing. Additionally, larger
radial length increases curvature-related errors, particularly in
AFPMG-RR, where the fixed slot dimensions for PMs and
windings constrain the tooth width.

In this paper, 3D FEA modeling was chosen for design
optimization, with parametric models for AFPM generators
developed using Ansys Electronic Desktop software [36]. To
manage the large-scale FEA models and expedite the optimiza-
tion process, matching and symmetry boundary conditions
were applied to reduce computational load. The matching
boundary conditions allowed the pole number to be an inde-
pendent variable within the models. Additionally, an ultrafast
3D FEA technique, as described in [37], was employed,
requiring a few solutions per cycle to perform the calculations,
further enhancing computational speed.

For coreless AFPM generators, applying matching bound-
ary conditions over four pole pitches, 8π

p (where P is the
pole count), along with axial symmetry boundary conditions
over half of the machine’s axial length, significantly reduced

TABLE III
INDEPENDENT OPTIMIZATION VARIABLES AND THEIR CORRESPONDING

LIMITS FOR THE AFPMG-RR.

Var. Description Min. Max.

Nr Rotor tooth number 80 160

Kdr Radial length, Dro−Dri

Dro
0.10 0.30

KLrt
Rotor tooth length, Lrt

τr
0.30 0.80

KWrt Rotor tooth arc, βrt

τr
0.30 0.70

Kry Rotor yoke length, Lry

τr
0.50 1.00

KLs
Stator axial length, Ls

τs
1.00 3.00

KWss
Stator slot width, Wss

τs
0.20 0.70

KLsy Stator slot yoke length, Lsy

Ls
0.20 0.70

KWPM
Stator PM width, WPM

(1−KWss )τs
0.30 0.80

computational demand. For a conventional AFPM generator
topology with a 10/12 pole-to-slot ratio, the FEA model
includes a 10π

p section, while an 8/6 pole-to-slot ratio includes
a 16π

p section of the full model. Similarly, for an AFPM
generator with reluctance rotors and a 10/12 rotor tooth-to-slot
ratio, the modeled section contains 10π

Nr
, where Nr denotes the

rotor tooth count.
These models maintain constant poles, slots, and coils

within each modeled portion, enabling the pole number to be
treated as an independent variable. The importance of selecting
the appropriate pole number has been highlighted in [38] for
conventional AFPM machines and in [24] for coreless AFPM
machines. These studies demonstrate the significant impact of
pole number on mass and efficiency, two critical criteria for
direct-drive wind turbine generators. The increment of pole
number varies for each generator, such that it is a factor of
four for CAFPMGs, a factor of eight or ten for AFPMGs, and
a factor of ten for AFPMG-RR.

In radial flux machines, selecting the outer diameter is
often straightforward, guided by established examples in the
literature and the typical linear scalability of torque production
with stack length. However, for AFPM generators used in wind
turbines, the literature shows a wide range of outer diameter
values, highlighting the need for careful consideration of this
parameter in the design optimization process.

The performance of axial flux PM machines highly depends
on the outer diameter. The torque equation for AFPM ma-
chines indicates that torque has a cubic dependence on outer
diameter [10]. In this study, the outer diameter is modeled
as a dependent variable of power, ensuring that all candidate
designs achieve the specified output power. This approach
allows for maintaining a stable current density across designs,
which supports effective natural cooling.

The geometrical variables for all proposed AFPM generators
are defined and illustrated in Fig. 5, with their respective
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Fig. 6. The proposed optimization algorithm based on the combination of
the differential evolution method and 3D FEA.

ranges specified in Tables I to III. The search space for the
optimal design is intentionally extensive and is determined
through parametric studies aimed at identifying favorable
designs. Geometrical constraints are carefully considered to
ensure that design variables are limited appropriately, prevent-
ing intersections between various geometrical components.

The generators were optimized using the differential evolu-
tion (DE) optimization method, which works by iteratively
refining a population of candidate solutions, as detailed in
[39]. It is a robust, population-based optimization algorithm
that offers several advantages over traditional methods. Unlike
many optimization techniques, it does not depend on the math-
ematical characteristics of the problem, making it particularly
effective for complex multi-objective optimization challenges,
such as the one explored in this study. Its efficient mutation
and crossover strategies enable faster convergence, particularly
in high-dimensional problems.

Design variable ranges have been carefully determined
through multiple parametric studies to ensure the selection
of appropriate values, facilitating faster convergence of the
optimization process and ensuring the search for the optimal
design within a suitable range. The initial values for the j-th
design variable of the i-th design in the first generation are

randomly generated from this predefined range pool, using:

xj,i,1 = randj (0, 1) · (xjU − xjL) + xjL, (3)

where XL and XU represent the lower and upper bounds of the
design space, as specified in Tables I, II, and III. The random
selection of design variables for the first generation from a
predefined, well-calibrated range significantly reduces the risk
of getting trapped in a local optimum. After generating a
population of NP design candidates, the corresponding design
objectives and constraints are subsequently evaluated. Then,
the vector D containing all design parameters is designated
by Xi,g , where i denotes the population index, and g indicates
the generation index.

In order to broaden the search space, each design variable
is subjected to a mutation process. The mutation for the j-th
design variable is performed using the following approach:

vj,i,g = xj,r1,g + F (xj,r2,g − xj,r3,g) , (4)

where the indices r1, r2, and r3 are distinct and differ from i.
The scale factor F is a positive value greater than zero, with
no defined upper limit.

This process generates trial designs, Ui,g , by combining
elements from the designs Xi,g and Vi,g .

Ui,g =

{
Vi,g, if rand (0, 1) ≤ CR

Xi,g, otherwise,
(5)

where CR denotes cross-over probability.
This step is called selection, where the objective function

for the trial designs is assessed and compared with that of the
target vector to determine an improved target vector for the
subsequent generation, as follows:

Xi,g+1 =

{
Ui,g, if f (Ui,g) ≤ f (Xi,g)

Xi,g, otherwise.
(6)

The mutation, crossover, and selection processes are iteratively
performed until the stopping criteria are met.

The flowchart of the optimization process is illustrated in
Fig. 6. A two-step validation was implemented to ensure that
each design could consistently achieve the rated power at
the specified speed. Initially, the design was evaluated using
a preset outer diameter. Based on the discrepancy between
the simulated power and the target value, the outer diameter
was adjusted accordingly, and the design was re-assessed to
confirm that the target power was met. The design variables
were initially assigned, and in the second stage, the outer
diameter was only scaled within a loop until the design met
the rated power requirement.

For electric machine optimization, several approaches en-
sure that all design candidates produce the same output
power. In radial flux machines, torque scales linearly with
the machine’s stack length. Therefore, the outer diameter is
kept constant for applications requiring a fixed outer diameter
while the stack length is adjusted linearly, as demonstrated in
[8]. Scaling the stack length allows other design variables to



TABLE IV
PERFORMANCE CHARACTERISTICS OF THE OPTIMAL DESIGNS SELECTED FROM THE KNEE REGION OF THE PARETO FRONTS FOR ALL FIVE GENERATOR

CONCEPTS, WITH A RATED POWER OF 3 MW AND A SPEED OF 15 RPM.

Generator
type

Dro

[m]

Dro−Dri

2

[m]
Ax. Lgth.

[m]
Pole Num.

[-]
PM mass

[ton]
Spec. TRQ.

[Nm/kg]
TRQ. Den.

[Nm/L]
Emag. Eff.

[%]
P.F.
[-]

Goodness
[kNm/

√
Wloss]

CAFPMG-Hal 7.2 0.25 0.3 160 12.7 99.4 167.8 97.6 0.99 6.930
CAFPMG-SPM 7.4 0.21 0.5 132 8.9 87.0 93.6 97.2 0.98 6.455
AFPMG-10/12 7.3 0.18 0.3 140 3.7 79.0 115.6 97.4 0.78 6.714
AFPMG-8/6 7.8 0.19 0.5 160 2.4 61.1 87.8 96.6 0.74 5.766
AFPMG-RR 6.3 0.49 0.7 90(×2) 3.4 35.8 167.3 96.7 0.70 6.124

RFPMG-RR [41] 5.3 N/A 1.9 150 3.6 N/A 11.4 97.2 0.69 5.622
RFPMG-8/12 [41] 5.3 N/A 1.9 150 2.8 N/A 11.4 95.9 0.96 6.620
RFPMG-4/12 [3] 5.1 0.18 1.2 80 1.7 78.8 19.3 96.0 N/A 5.374
RFPMG-RR [8] 5.0 N/A 2.0 120 N/A 38.2 12.2 97.2 0.9 6.473

remain constant as determined by the optimization process.
Additionally, the current density is maintained at a constant
level for all design candidates, ensuring compatibility with the
motor’s cooling system.

Another approach involves scaling the current density to
achieve the required torque, as presented in [40]. This method
may be helpful when the stack length is constrained in radial
flux machines or when applied to coreless stator machines.
In radial flux machines, however, scaling of current density
can lead to core saturation, beyond which further increases
do not enhance torque. In contrast, torque scales linearly
with current density for coreless stator machines, making
this approach more straightforward. The primary limitation is
ensuring design candidates adhere to the maximum allowable
current density.

In this study, neither of these methods is selected, as the
radial length in AFPM machines—analogous to stack length
in radial flux machines—does not exhibit a linear relationship
with torque due to curvature effects. Moreover, scaling the
current density introduces cooling challenges and saturation
concerns for the considered generators. Instead, this paper
proposes a novel strategy according to the torque equation
for AFPM machines, which is scaling the outer diameter.
Adjusting the outer diameter to achieve the required power
addresses cooling and saturation concerns while ensuring a
fair comparison across all proposed topologies.

V. OPTIMIZATION RESULTS, DISCUSSION, AND
EXPERIMENTAL VALIDATIONS

The five proposed AFPM generator designs were optimized
using the described process, with fifty design candidates per
generation to allow for a comprehensive exploration of the
design space. The optimization results for the conflicting
objectives are shown in Fig. 7, where each scatter point is
color-coded based on the PM mass, a factor that significantly
influences the generator’s cost.

A comparison of the Pareto fronts for the CAFPMGs shows
that the configuration with outer Halbach array PM rotors
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Fig. 7. Pareto front design candidates for all five generator concepts, with all
designs rating 3 MW of power at 15 rpm.

outperforms the SPM outer rotor design in both optimiza-
tion objectives. This improved Halbach array rotor variant
performance comes with a 40-60% increase in PM mass.
While the CAFPMG-Hal demonstrates superior efficiency and
reduced mass relative to other optimized AFPM generators, it
is essential to note that both CAFPMG configurations require
a higher PM mass to reach these performance levels.

The comparison of the Pareto fronts for conventional AF-
PMGs shows that designs with a 10/12 pole-to-slot ratio
outperform those with an 8/6 ratio in terms of power losses.
This suggests that while the 8/6 configuration performs better
than the 10/12 in coreless AFPM designs [27], the situation
is reversed for AFPM machines with a stator core. The
differences in power losses for 8/6 and 10/12 are potentially
due to the lower winding factor of the 8/6 configuration, as
noted in [42].

The Pareto front results for the AFPMG-RR highlight
the significantly higher mass of this generator configuration
compared to other AFPM generators. This is likely due to
the limited slot space available for windings in the stator, as



(a) (b) (c) (d) (e)
Fig. 8. Flux density distributions for the optimal designs of (a) the half-axial model of CAFPMG-SPM, (b) the half-axial model of CAFPMG-Hal, (c)
AFPMFG-10/12, (d) AFPMFG-8/6, and (e) AFPMG-RR.

the PMs are integrated within the stator for this configuration.
This constraint on the available space restricts the electrical
loading and may negatively affect the machine’s torque [43].

The optimal designs for each generator were selected at the
knee region of their respective Pareto fronts. The correspond-
ing designs’ flux density distributions are illustrated in Fig. 8,
with their specifications detailed in Table IV. A comparison of
the outer diameters reveals that although the optimal design
for the AFPMG-RR has an outer diameter of 6.3 m, which
is smaller than those of the other topologies, with an average
outer diameter of 7.5 m, the axial and radial lengths of this
generator is larger. These increases can be due to the AFPMG-
RR’s tendency to have a larger axial length to accommodate
two rotors with required saliency and to compensate for its
lower electrical loading.

The radial lengths of the optimal designs are relatively small
in comparison to the outer diameters. While increasing the
radial length in AFPM machines enhances torque production
[28], it results in designs that are less efficient in terms of
active material usage.

A comparison of specific torque density and torque density
demonstrates the superior performance of the CAFPMG-Hal,
which can be attributed to the larger PM mass and the absence
of ferromagnetic cores. Notably, although the CAFPMG-SPM
achieves a higher specific torque density than the AFPMG-
10/12, it has a lower overall torque density. This difference is
essential for mechanical design, as higher torque density may
enable the use of smaller and lighter mechanical components.

The power factor for coreless AFPM generators is close
to unity, while for other AFPMGs, it ranges around 0.7. The
goodness comparison shows that, except for the CAFPMG-
Hal, the AFPMG-10/12 offers higher goodness and even
outperforms the CAFPMG-SPM. This can be explained by the
fact that in low-speed operations—such as those considered
in this study—core losses are negligible compared to copper
losses, allowing the conventional AFPMG to outperform the
coreless variant.

The second half of Table IV presents data on radial flux PM
generators (RFPMGs) for direct-drive wind turbines with the
same power rating from existing literature. From a dimensional
perspective, AFPM machines exhibit an average outer diame-
ter approximately 40% larger than RFPMGs, while their axial
length is nearly four times shorter than the RFPMG examples

listed. Given that the listed RFPMGs share a similar topology
with the AFPMG-10/12, AFPMG-8/6, and AFPMG-RR, the
PM mass for both AFPMGs and RFPMGs with the same rating
appears to be comparable.

A comparison of specific torque suggests that both topolo-
gies can achieve similar values, with AFPMGs slightly per-
forming better. The torque density analysis highlights a signif-
icant advantage of AFPMGs over RFPMGs. This advantage is
crucial, as a smaller volume simplifies mechanical integration,
installation, and transportation. Additionally, it reduces the
mass of the generator’s mechanical support structure, further
lowering costs and manufacturing complexity. The smaller
axial length of AFPMGs allows for adding multiple units on
the same shaft, enabling higher power output within the same
volume as a single RFPMG, which would otherwise produce
only a fraction of that power.

A. Experimental Validation and Analysis of Mass and Cost

A common approach for experimentally verifying wind
turbine generators is to construct a significantly downscaled
prototype and scale its performance based on the torque
relationship with the outer diameter and stack length in radial
flux machines or with the outer diameter and radial length
in AFPM machines. For example, Lehr et al. [41] designed
a 3 MW direct-drive wind turbine generator by scaling the
dimensions of a 45 kW prototype. In this paper, the 3D
FEA models used for the design optimization of the proposed
generators have been calibrated using low-scaled prototypes
previously developed by the same research group [25], [26].
To further validate the calculations, other AFPM machine
prototypes, including both high- and low-power prototypes
and industrial products, have been numerically compared to
the optimized AFPMGs presented in this work. Parameters
such as specific torque, torque constant, and efficiency further
support the experimental verification and enhance confidence
in the results.

The FEA models developed for the CAFPMG-SPM, and
AFPMG-10/12 were validated using low-scale reference pro-
totypes from this research group, as illustrated in Figs. 9a
and 9b and documented across multiple studies. In [26], the
CAFPMG-SPM reference design was employed to validate
stator eddy current losses at high speeds, copper losses,
and torque. Similarly, the AFPMG-10/12 reference design,



TABLE V
EXPERIMENTALLY MEASURED AND CALCULATED PARAMETERS FOR THE LOW-SCALED PROTOTYPES OF THE CORELESS STATOR AFPM MACHINE WITH

SPM ROTOR AND THE CONVENTIONAL AFPMG-10/12.

Generator type
[-]

Analysis
[-]

Pout

[kW]
OD

[mm]
Ax. Lgth.

[mm]
TRQ.
[Nm]

TRQ. Con.
[Nm/A]

R
[mΩ]

Eff.
[%]

Spec. TRQ.
[Nm/kg]

CAFPMG-SPM [14] - 6× 103 20× 106 - 5× 106 - - - 80

CAFPMG-SPM [19]
FEA

1000 6× 103 356 796 - - 93.6 -
Exp

CAFPMG-SPM [26]
FEA

4.2 310 35
19.0 2.2 550 95.8 2.3

Exp 18.1 2.2 570 95.8 -
CAFPMG-Hal [44] FEA 5.8 310 35 24.0 3.1 550 97.5 3.2
CAFPMG-Hal [45] Exp 6 190 - 9.2 - - - 9.8

AFPMG-10/12 [25]
FEA

7.7 200 -
21.1 0.9 56 94.0 5.6

Exp 20 0.9 59 91.0 -

(a) (b) (c)
Fig. 9. Coreless stator AFPM machine prototype with surface-mounted PM
rotor (a), the conventional single-sided AFPM machine prototype (b), and the
coreless AFPM genrator with PCB stator designed by Boulder Wind Power,
used for the verification of the developed FEA models and calculations.

introduced and optimized in [25], verified the accuracy of
torque, copper losses, and core losses. The close agreement
between experimental measurements and FEA results supports
the reliability of the FEA models presented in this study.

The coreless AFPM generator with a PCB stator, developed
by Boulder Wind Power [14] and depicted in Fig. 9c, is used
to further validate the calculations for CAFPMG-SPM at high
power levels similar to those presented in this study. The
specific torque of the Boulder CAFPMG is within the same
range as the optimal design achieved in this work.

The validated FEA model for the CAFPMG-SPM was
subsequently adapted to a Halbach array rotor variant in [44],
maintaining comparable size and ratings. This adaptation con-
firmed the Halbach array rotor’s advantage in mass reduction.
Additionally, a coreless AFPM machine from LaunchPoint
Electric Propulsion Solutions, Inc. [45] was used to assess
and compare the specific torque capabilities of CAFPMGs
with SPM and Halbach array rotors. The data comparing
the experimental and 3D FEA simulations of the described
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Fig. 10. Pareto front design candidates for all five generator concepts, plotted
based on a consistent per-unit cost system.

reference prototypes are listed in Table V.
The Pareto fronts in Fig. 7 show that the CAFPMG-Hal

achieves the lowest mass among all the AFPMGs consid-
ered, aligning well with the experimental validations in Table
V. Furthermore, the Pareto front comparison reveals that
CAFPMG-SPM and AFPMG-10/12 exhibit similar mass per-
formance, although the CAFPMG-SPM requires a higher PM
mass. Therefore, comparing the costs of active components on
a consistent scale becomes increasingly important.

Based on the cost model examples provided in [39], the cost
of active materials for AFPM generators can be approximated
per unit mass of steel as follows:

Fc = 65 ·mPM + 8 ·mCu +mc, (7)

where mPM , mCu, and mc denote the masses of PM, copper,
and steel.

The Pareto front designs for each generator regarding cost
and loss are presented in Fig. 10. These results highlight that
CAFPMG-Hal is significantly more costly due to the high



TABLE VI
LOSS BREAKDOWN FOR THE SELECTED OPTIMAL DESIGNS OF ALL

GENERATORS, HIGHLIGHTING THE LOW CONTRIBUTION OF CORE LOSS TO
THE TOTAL LOSS IN CORED AFPM GENERATORS DUE TO THE LOW SPEED.

Copper loss [kW] Core loss [kW]

CAFPMG-Hal 77.3 N/A
CAFPMG-SPM 86.4 0.0
AFPMG-10/12 75.4 7.5
AFPMG-8/6 96.2 6.2
AFPMG-RR 87.7 12.4

mass of PMs in this configuration. Meanwhile, a cost com-
parison between CAFPMG-SPM and AFPMG-10/12—two
designs with similar mass and loss characteristics, as shown
in Fig. 7—reveals that AFPMG-10/12 achieves comparable
losses to CAFPMG-SPM at just one-third of the cost.

Each design in Fig. 10 is color-coded to represent copper
mass. A comparison between CAFPMG-SPM and AFPMG-
10/12 reveals that CAFPMG-SPM’s higher cost is not solely
due to its greater PM mass; the increased copper mass also
plays a significant role. Given that copper is approximately
six times more costly than steel, this added copper mass
substantially contributes to CAFPMG-SPM’s higher cost.

B. Loss

A breakdown of the loss components for the selected
optimal designs is presented in Table VI, detailing the pro-
portions of copper and core losses. In CAFPMG-SPM, core
loss is nearly negligible due to the minimal armature reaction
typical of coreless stator machines. The core losses in the
cored AFPMGs account for approximately 10% of the total
losses. The low-speed operation of direct-drive wind turbine
generators contributes to reduced core loss, a characteristic that
does not hold for high-speed applications such as propulsion
systems. This advantage allows conventional cored generators,
such as the AFPMG-10/12, to achieve efficiencies comparable
to those of coreless designs.

Although core losses are negligible in the rotor back iron of
coreless machines, eddy current and circulating current losses
in the conductors can be substantial. For direct-drive wind
turbine generators with low fundamental frequencies, eddy
current losses in the proposed CAFPMGs are likely minor,
provided that conductor size is optimally selected. However,
circulating current losses presents a different challenge.

The airgap size in the CAFPMGs is likely large enough
to accommodate as much conductor as needed to produce
the required power, leading to conductor layers being stacked
axially. This arrangement results in varying distances from the
rotor surface for each conductor layer, exposing them to dif-
ferent magnetic flux densities. The resulting induced voltages
vary across layers, creating circulating currents between them.

These circulating currents generate losses in the conductors,
which can be considerable given the large airgap and conduc-
tor volume. To reduce these losses, conductor transposition is

Fig. 11. Pareto front design candidates plotted in terms of pole number and
outer diameter, showing a trend where designs with lower mass tend to have
larger outer diameters and higher pole numbers.

recommended to balance the overall back-EMF across layers.
Alternatively, Litz wire, with its twisted structure, can also
mitigate these losses, though its higher cost further increases
the overall cost of CAFPMGs.

In the proposed AFPMGs, PM eddy current losses are
minimal, not only due to the generator’s low fundamental
frequency but also because of PM segmentation. Given the
large magnet sizes, segmentation is applied in radial, axial,
and tangential directions, with radial and axial segmentation
particularly effective in reducing eddy current losses. For
CAFPMGs, these losses are even further minimized due to
the low armature reaction.

C. Effects of Outer Diameter and Pole Number

The Pareto front designs of the proposed AFPM generators,
considering pole number and mass, are shown in Fig. 11.
These results indicate that designs with higher pole numbers
tend to have lower mass. Previous studies [38], [40] have
demonstrated that increasing the pole number enhances spe-
cific torque density, but it also reduces both magnetic and cur-
rent loading within a fixed machine envelope. This reduction
in loading can potentially lead to decreased efficiency if the
current density is scaled up to meet the required power.

In the optimization process presented in this paper, the
current density was kept constant across all designs to ensure
the effective cooling of the proposed generators. The outer
diameter was adjusted to meet the power requirements. In Fig.
11, each design is color-coded to represent the outer diameter.
The results suggest that the optimal designs favor higher pole
numbers and larger outer diameters until a balance is reached
between increasing the outer diameter and reducing the pole
number to minimize mass.

VI. CONCLUSION

This paper has proposed, optimized, and systematically
compared four distinct axial flux permanent magnet generator
(AFPM) concepts in terms of mass, cost, and efficiency.
The optimization and comparison were carried out using 3D



FEA models and differential evolution optimization algorithm.
Experimental prototypes for the coreless and conventional de-
signs were used to validate their respective FEA models, which
were subsequently adapted for the other variants. For each
topology, an example generator was designed and optimized
with identical power and speed ratings. This allowed for a fair
comparison in terms of active material cost and mass, with
simulated results provided for efficiency.

The resulting performance indicated that the coreless design
with a Halbach array PM rotor achieved superior mass, effi-
ciency, and torque density. However, it required a significantly
higher volume of PM material, making it the least cost-
effective option. In contrast, the conventional 10/12 pole-to-
slot ratio design demonstrated a strong balance, achieving
competitive performance in terms of mass and efficiency
while outperforming the coreless design with surface-mounted
PM rotors, in terms of cost, PM volume, and overall cost-
effectiveness. The 8/6 pole-to-slot ratio conventional design,
though similar in mass to the 10/12 variant, experienced higher
losses due to a lower winding factor. The efficiency in con-
ventional designs benefited from minimized core loss due to
the low operational speed typical in direct-drive wind turbines.
The axial flux variant with reluctance rotors exhibited limita-
tions in mass and efficiency, likely resulting from restricted
slot space for windings, which limited electrical loading and
reduced achievable torque relative to other designs.
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