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Abstract

Axial flux permanent magnet machines (AFPMs) are
potential candidates for direct-drive wind turbines
(DDWTSs) due to offering high value of torque density.
In slotless AFPM topologies, the cogging torque is
absent which makes them more suitable for DDWTs,
which provides an easier turbine start-up. In this
research, a robust design and optimization procedure of a
slotless double-sided AFPM is discussed. The nonlinear
magnetic equivalent circuit is established and the
optimization is performed by the response surface
methodology (RSM) to achieve a cost-effective
generator with high power density value. The generator
is prototyped and the test results are presented
comparing them with the numerical study and non-
optimized design results. To minimize the AFPM torque
ripple which is necessary for DDWT application, a cost-
effective solution is proposed leading to a dramatic
improvement in the AFPM torque ripple without
reducing the average torque.

Keywords: Axial flux machine, torque ripple, Halbach
array, permanent magnet.

Introduction

Recently, the optimum extraction of wind energy has
drawn a lot of attention. Consequently, direct-drive
turbines are becoming more popular. Owing to the
elimination of gearbox, direct-drive wind turbines
(DDWTs) offer higher reliability, lower maintenance
cost, and higher efficiency in comparison with the
geared ones [1]. However, due to the lower speed of
DDWTs, the generator of these type of turbines must be
designed with high torque density value to reduce the
generator volume and weight, resulting in the lower cost
of the generator and turbine tower structure [2].
Generally, in wind turbines, the cogging torque and
torque ripple of the generators are among the important
characteristics and must be as low as possible.
Otherwise, the turbine faces trouble during start-up, and
heavy vibrations and noise are produced during the
spinning [3-5].

In this regard, axial flux permanent magnet machines
(AFPMs) are potential alternatives to the radial flux
machines for the above-mentioned application.
Compared to the radial flux permanent magnet
machines (RFPMs), AFPMs are among compact
topologies which higher torque densities can be
achieved [6-8]. The copper and core weight in AFPM
topologies could be reduced significantly, resulting in
higher values of efficiency compared to the RFPMs [9].
Moreover, the ratio of machine diameter to

ICEMG 2020, 26 -27 February, 2020

Three-phase
winding 7 ), — Slotted core

Three-phase
winding

Non-magnetic
toothless core
Thre_e-phase Three-phase
winding | indi
O winding

Figure 1. Stator topologies of single stator-double rotor
AFPMs. (a) Slotless core with radially wounded coils. (b)
Slotted core with radially wounded coils. (c) Slotted core
with circumferentially wounded coils. (d) Core-less
armature with circumferentially wounded coils.

machine length is high in AFPMs which leads to better
heat exchange with the environment [10, 11].
Accordingly, AFPMs are popular in applications with
low power ratings that the machine diameter is not too
large.

AFPMs can be designed single-sided or double-sided.
Applications of single-sided topology is limited because
of high attractive force (in the axial direction) between
the rotor and the stator and low value of torque density
[9]. Consequently, AFPMs are often built double-sided
which the axial forces are balanced and the torque
density is higher. It is shown that the single stator dual-
rotor topology can offer higher torque density than the
single rotor dual-stator topology [9, 12]. Hence, this
paper focuses on the former topology. Four popular
types of stator configurations for such topology are
depicted in Fig. 1. According to Fig. 1. (a), the first
configuration is composed of a slotless stator iron core
and conductors which are wound around it. This stator
configuration has the following advantages: 1- Owing to
the slotless stator core, the cogging torque is completely
absent. 2- The stator core structure is so simple which
leads to the easy manufacturing process. 3- The end
windings are very short which result in low copper
consumption and high value of efficiency [6]. However,
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Figure 2. Nominal working point of DDWTs available in
market.

the thickness of armature conductors which are placed
on the core surface increases the resulting air gap length
leading to high PM consumption [13]. The second
configuration (Fig. 1. (b)), is the same as the first
configuration except the armature core is slotted. In this
configuration, the cogging torque is present due to the
slotted core. Moreover, the manufacturing process of
the stator core is complicated and expensive. However,
this configuration has the advantages of small air gap
length and low PM consumption [6, 14, 15]. As it can
be seen from Fig. 1. (c), the configuration uses the same
armature core as the second configuration, but the
winding arrangement is different. This topology is only
justified on the grounds of having coil pitch equal to one
or in the case of single-sided topologies. Otherwise, not
only this configuration does not offer any advantages
over the second configuration but also has larger end
windings which reduces the efficiency and increases the
copper consumption [16, 17]. According to Fig. 1. (d),
the stator is composed of sets of conductors drowned by
epoxy resin or similar materials. This configuration
which is known as the coreless stator has two main
advantages: Firstly, the cogging torque is absent owing
to the coreless armature. Secondly, the manufacturing
process of the armature is simple and cheap. However,
the absence of the stator iron core increases the resultant
air gap length which requires high volume of PMs.
Additionally, due to long end windings, the copper loss
is high and the efficiency is reduced [18, 19].

In this paper design and analysis of slotless single stator
dual-rotor AFPM (Fig. 1. (a)) is addressed. In this
topology, the cogging torque is absent which is an
outstanding feature in DDWT applications. Unlike the
cogging torque, torque ripple is present in this topology
which is caused by the interaction between the stator
and rotor magneto motive forces (MMFs). As it was
mentioned before, the high value of torque fluctuations
produces noise and vibrations in the turbine. Moreover,
torque ripple hastens blade fatigue failure which reduces
turbine’s lifetime. Several studies have been presented
in the literature addressing torque ripple reduction in
AFPMs. Some studies focused on the PMs’ shape to
improve torque ripple of the AFPMs by using PM skew
and PM step skew technique [20, 21]. Furthermore,
using sinusoidally and cylindrically shaped PMs instead
of the conventional sector-shaped PMs are investigated
in [22]. Even though the mentioned methods are
effective in reducing the torque ripple, back-EMF

ICEMG 2020, 26 -27 February, 2020

reduction and the complicated manufacturing process
are the side effects of those methods. Replacing
armature conventional rectangular windings with sector-
shaped windings can help in the reduction of torque
ripple in slotless AFPMs [20, 23]. However, the
solution does not have a major impact on the torque
ripple reduction, and it increases machine copper loss.
Using the Halbach array of PMs can be adapted to
minimize the torque ripple of slotless AFPMs. Since the
torque ripple is highly dependent on the Halbach PM
coverage and orientation, sensitivity analyses could be
performed to choose the optimum PM coverage [24].
Unlike the above-mentioned solutions, not only using
Halbach PMs does not deteriorate machine performance
but also improves its performance by increasing the
average torque and back-EMF [25].

In this paper, design procedure of the slotless single
stator dual-rotor AFPM s presented and a conventional
slotless AFPM is designed and prototyped. In order to
reduce the torque ripple and improve the voltage THD,
segmented Halbach-Array is proposed, sensitivity
analyzes is performed, and compared with the
conventional Halbach PMs. Moreover, the experimental
setup of conventional AFPM is given and machine
characteristics are discussed. At the end, a comparative
study is presented helping to a better assessment of the
AFPM topologies discussed in this paper.

Analytical Design of AFPM Generator for DDWT

In this section, the requirements of DDWT generators is
addressed and design formulation of the slotless single
stator dual-rotor AFPM is discussed. The double sided
slotless AFPM configuration consists of two rotor discs
and one stator core. The configuration is also called N-
N type TORUS AFPM in which the similar rotor poles
of the two rotor disks face each other. The stator core is
made of continues steel tape and the windings are
wound around the stator core.

Generally, wind turbines are categorized into horizontal
axis wind turbines (HAWTS) and vertical axis wind
turbines (VAWTSs). HAWTs benefit from higher
efficiency in comparison with the VAWTSs. Moreover,
the HAWTSs can be installed in higher heights which the
high speed winds are available. However, the VAWTS
have some advantages over the HAWTSs like lower
maintenance cost and lower acoustic noise. In this
study, HAWTS are selected since they have more annual
energy yield than VAWTSs. The power equation of wind
turbine could be written as in (1);

1
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where Ay is blades swept area, V is the velocity of the
wind, and C, is the power coefficient of the turbine
which obtains the values less than 59.3% according to
Betz limit. The value of power coefficient depends on
the blade pitch angle and the tip speed ratio (TSR)
which is defined as in below;

o R )
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Here, or and R are the angular velocity of the turbine
and blade radius; respectively.
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Figure 3. Magnetic flux density distribution in the AFPM (a)
stator, (b) one rotor disc.

Wind turbines must be utilized at a certain TSR
(generally around 7 for HAWTSs with 3 blades) to attain
the maximum power coefficient. Thus, let assume that
the wind speed (V) is constant, therefore according to
(1), the turbine power is proportional to the blades
swept area (or square blade radius (Rz)). Thus, to have a
turbine with a higher power rate, the turbine blade
radius must be increased. On the other hand, according
to (2), to keep the TSR at its optimum value, the angular
velocity of the turbine must be inversely proportional to
the blade radius. Consequently, wind turbines nominal
power and speed are related as in (3).

, <P 3)
In other words, wind turbines with higher power ratings
work at lower speeds. The nominal working point of the
various direct-drive wind turbines which are available in
the market are extracted and presented in Fig. 2. As it
could be seen, the power rating of the wind turbines is
inversely proportional to their speed. In this paper, a 1.2
kW HAWT with the nominal speed of 500 rpm is
selected and the AFPM is designed as its direct drive
generator.

According to [6], the electromagnetic torque (Te) of the
understudy AFPM could be written as in (4);

T
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where ai, Kw, Ks, Bmg, Am, Do, Kd , and cos(p) are pole
width (coverage) to pole pitch ratio, winding factor,
stacking factor, maximum magnetic field in air gap,
electrical loading per stator active surface, machine
outer diameter, the ratio of machine inner diameter to
outer diameter, and power factor, respectively.

The RMS value of induced winding voltage (Ef) is
calculated as in (5) [6];

V2r?
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where N; and ns are number of coil turns per phase in
the stator active surface and the rotor speed in rps,
respectively.
The resultant value of air gap length is the sum of
mechanical clearance between the rotor and the stator
poles and the coil length. The coil length (Lw) is
calculated as in (6);

3N,d2
bw = 2k D; )
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where dyw, ks, and D; are the diameter of each conductor,
winding fill factor, and machine inner diameter,
respectively.

To calculate the required PM length, Ampere’s law is
applied on the main magnetic flux path as in (7) and the
PM length is calculated as in (8);

2H Ly +2H g (Lg + Ly) +Vstator +Vrotor =0 (7
L, = HrBg (Lg + L) +0.51044 (Vstator +Vrotor)
_Bmg (8)
r Kom

where Hm and Hg are magnetic field strength of PM and
resultant air gap, respectively. wr, Lg, and By are relative
permeability of PM, mechanical clearance between the
rotor and the stator, and PM remanent flux density,
respectively. Vstator and Vioror are magnetic potential drop
in the main flux path of the rotor and the stator iron
parts, and kpm is the ratio of axial component of air gap
flux to total flux produced by PMs. Armature copper
loss of the AFPM is calculated as in (9), where r is the
conductor resistance per meter, I, is the RMS value of
armature current, and Laye is the average length of each
winding turn.

P = 6erLave|§ (9)
The magnetic flux density of the stator iron yoke is
calculated as in (10). The iron loss is determined by (11)
which Lyoke and pion are the axial length of armature
iron core and iron density, f. is the electrical frequency,
kse is the correction factor of iron loss [26] and P (1.5,
fe) is the specific loss of the iron core (W/kg) at flux
density of 1.5 T and frequency of fe.

7D, (L+ky)
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The Prototyped Conventional AFPM Generator

The design procedures of the AFPM for a 1.2 kW
DDWT were presented. Accordingly, the AFPM is
designed and its specifications are given in table 1.
Then, the FEM is carried out to verify the design
procedure of the AFPM. In Fig. 3, the contour plot of
the magnetic flux density distribution in the AFPM is
presented. The results show that magnetic flux density
in stator iron yoke reaches the iron B-H curve knee

Table 1. Specifications of the designed AFPM.

Parameter symbol | Value Unit
Rated power Pout 1.2 kw
Rated speed Nm 500 rpm
No. of phases m 3
No. of poles p 6
No. of armature coils Neoil 18
Machine outer diameter Do 220 mm
Machine inner diameter Di 113.6 mm
Machine length L 77 mm
Air gap length Lg 1 mm
PM coercive force (20°C) Hec -896 | kA/m
PM remanent flux density (20°C) Br 1.21 T




Fig. 4. AFPM configuration and the test setup. (a) stator, (b)
one rotor disk, (c) assembled AFPM, (d) test setup.

point (1.7 T) while the magnetic flux density is about
1.4 T in the rotor yoke. Even though in double-sided
AFPMs, axial forces are balanced, each rotor disk
experiences high axial force which tends to bend it
toward the stator core. So, the rotor disk should be
thick enough to withstand such attractive force and
maintain the uniform air gap length. Consequently, rotor
yoke thickness is mainly determined by mechanical
considerations rather than the iron saturation effect.

The prototyped AFPM along with its component and the
provided setup test are presented in Fig. 3. The stator
core shown in Fig. 4 is made of a twisted continues
electrical steel tape with a thickness of 0.5 mm. After
insulating the stator core, 18 coils are wound around the
core which is shown in Fig. 4 (a). One of the rotor disks
is also shown in Fig. 4 which is composed of a single
solid iron yoke and six specially shaped NdFeB PMs
glued on the iron yoke.

The measured and simulated (FEM) induced line
voltage of the AFPM are presented in Fig. 5. As it could
be seen, the FEM results have acceptable adaption to the
experimental results. Furthermore, in Fig.6, terminal
voltage of the generator at different currents is measured
and compared with the simulation results. Two load
types are considered for the test: pure resistive load and
resistive-capacitive load (0.9 lead). The results indicate
that increasing the armature current does not affect the
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Fig. 5. Induced line voltage waveform of the AFPM.
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Fig. 6. Terminal line voltage of the AFPM at different resistive
and resistive-capacitive (0.9 lead) loads.

terminal voltage substantially as the voltage drop is less
than 10% in the resistive load. In the case of the
resistive-capacitive load, the voltage drop is even lower
and is less than 4%. Regarding Fig. 6, the simulation
results have a good level of accuracy since the
maximum error is less than 3% in the worst case which
is mainly because of the manufacturing tolerances. The
electromagnetic torque waveform of the AFPM is
extracted at the nominal resistive load and presented as
the black line in Fig. 7. It is seen that the generator
average torque got the value of 23.85 N.m and the
torque ripple is 15%. As it could be noticed from Fig. 7,
the generator (regular AFPM) suffers from high values
of torque ripple (15%) which is not suitable for DDWT
application. Aiming to minimize the generator torque
fluctuations, using a new arrangement of Halbach PMs
is proposed and studied in the next section.
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Fig. 7. Electromagnetic torque waveform of the conventional
and proposed Halbach AFPM at rated load.

The Proposed Halbach Array

According to the above discussions, the torque ripple
of the generator is almost 15%. In DDWT application,
high values of the torque ripple increases the vibrations
which cause fatigue to the blades and increases the
acoustic noises. Hence, this paper proposes using the
new Halbach-array of PMs to minimize the torque ripple
of the AFPM. Unlike the conventional configuration of
PMs which are magnetized only in the axial direction, in
the case of Halbach configuration, the PMs are
magnetized in multiple directions. Depending on the
number of magnetization directions (k), k-segmented
Halbach arrays are developed in which there are k pieces
of PMs per pole. However, increasing the number of
PMs per pole complicates the manufacturing process.
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Figure 8. The proposed AFPM and the corresponding characteristics at different Halbach PM angles. (a) the proposed Halabach array
configuration (b) average torque, (c) torque ripple, (d) voltage THD, (e) core loss.

Moreover, it also requires magnetization of the PMs in
more directions which increases the manufacturing cost.
In this study, three-segmented Halbach-array is selected
and the designed generator is adjusted by only
substituting the PMs as in Fig. 8 (a). As it could be seen,
there are two types of PMs per pole. The first one is the
main PM and is magnetized in the axial direction while
the other are magnetized non-radially and called the side
PMs. In the regular Halbach configurations, NdFeB PMs
are used as both of the main and side PMs. Here, the
ratio of main PM coverage to the pole pitch (alfa), and
the side PMs’ magnetization angle (beta) are taken as
two key variable parameters to be optimized. These
parameters are varied between and the machine
parameters are extracted and presented in Fig. 8(b)-(d). It
should be note that torque characteristics of are extracted
at the constant load (rated current) in the entire analysis.
From Fig. 8 (c), it is seen that the torque ripple of the
generator has an extremely nonlinear behavior.
According to Fig. 8 (c), the torque ripple of the generator
could be reduced to 0.9% by choosing either
combinations of (alfa=38%, beta=88%) and (alfa=75%,
beta=81%). Moreover, from Fig. 8 (b) it is noticed that
the electromagnetic torque of the generator is mostly
dependent to the parameter alfa. In this regard, higher
average torque is produed at high values of the
parameter alfa. Consequently, in order to achive the
minimum value of the torque ripple and enhance the
machine average torque, the second combination of
parameters should be selected (alfa=75%, beta=81%). In
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order to have more insight into the machine parameters,
the voltage total harmonic distortion (THD) and the core
loss in different parameter values are presented in Fig. 8
(d) and € respectively. Accordingly, by choosing the
above-mentioned combination, the machine voltage
THD and core loss are 8.4% and 2.6 w respectively.

Based on above-mentioned points, in order to
reach the goal of the study which is minimizing the
torque ripple, the value of alfa and beta must be set at
75% and 81% respectively. Accordingly, the torque
waveform of the Halbach-array AFPM is extracted by
using FEM and presented in Fig. 7. As it could be seen
both the average torque and torque ripple have improved
significantly. Compared to the basic design, the average
torque has reached from 23.85 N.m to 27.8 N.m.
Moreover, the torque ripple has dropped from 15% to
0.9%. It is noteworthy to mention that at the
aforementioned combination, compared to the basic
design, the phase voltage THD has increased from 4.9%
to 10.5% which is a side effect of the proposed Halbach
arrangement.

Conclusion

In this paper, a 1.2 kW AFPM generator is
designed for a 500 rpm DDWT. The generator is
prototyped and the comparison is made between the
experimental and simulation results. The comparison
shows a high level of adaption between these results. In
order to minimize the torque ripple of the generator
which is troublesome in DDWTSs, using a new Halbach
PM array is investigated and a sensitivity analysis is
carried out to select the optimum array. A comparison is



also made between the AFPM topologies which reveals
that torque ripple of the generator reduces from 15% to
0.9% by using the optimum Halbach. Furthermore, the
average torque increase by 16.5%. Consequently, the
proposed Halbach AFPM could be considered as a
potential candidate for DDWT application.
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