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Improved Rotor Pole Geometry of a PMSM
for Wind Turbine Applications
with Multiple High-speed Generators
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Institute of Electrical Machines
RWTH Aachen University
Email: cristian.andrei @iem.rwth-aachen.de

Abstract—Wind turbines (WTs) are energy conversion systems
with a very complex electromechanical structure, consisting of
highly interconnected subsystems, which are constantly exposed
to dynamic electrical and mechanical stress. In order to improve
their technical and economic efficiency, new alternative drive
train concepts are being sought. This paper proposes a WT
drive train with multiple high-speed generators. Different elec-
trical machines are investigated analytically and the permanent
magnet synchronous machine with V-shaped internal magnets
(VI-PMSM) is chosen as the most suited topology for this
application. A simple MATLAB Simulink model is developed
to validate the proposed WT configuration in terms of efficiency
gain. Furthermore, the operational behavior of the VI-PMSM is
improved by means of sinusoidal rotor field poles.

I. INTRODUCTION AND MOTIVATION

With regard to the rapidly increasing lack of conventional
fossil-fuel based energy sources, the public interest around the
world has been shifted in the last decades towards renewable
and more reliable energy resources. The wind energy sector is
no exception from this trend. In fact, wind energy is one of the
most important players in today’s world energy market. As it
can be seen in Figure 1, since 1996 there has been a constant
growth of the yearly installed global wind energy capacity of
about 26 %, which led to a total installed capacity of more
than 280 GW in 2012 [1].

This growth rate also led to major technical improvements
regarding the applied WT concepts. In the early 2000s a
change of concept took place, from the robust and inexpensive,
yet electrically rigid WT with squirrel cage induction genera-
tors (SCIG) to the more grid-friendly variable speed solutions.
This change was based on both technical and economic
grounds. WTs were still a large capital expenditure at that
time, despite many grants and subsidies provided by most
governments for the development of the wind industry. The
revenue from wind generated electricity had to be increased,
which in turn meant that more installed electrical power
per turbine was required. Therefore, variable speed concepts
became essential [2].

The following four variable speed WT concepts represent
the state-of-the-art and dominate today’s wind energy market:
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Fig. 1. Global cumulative installed wind capacity 1996-2012.

o The WT concept with a three-stage gearbox and a doubly
fed induction generator (DFIG),

o the gearless WT with an electrically excited synchronous
generator (DD EESG),

o the gearless WT with a synchronous generator with
permanent magnet (PM) excitation (DD PMSG) and

o the WT concept with an one- or two-stage gearbox and
a PM excited synchronous generator (2G PMSG).

Despite their technological maturity and market domination,
these concepts still display some major disadvantages and
drawbacks, especially regarding downtime and availability,
with the gearbox, generator and electrical system having the
highest components failure rates. Thus, according to different
statistical reliability studies performed in Germany, Sweden
and Finland, downtimes of up to 152 hours per year have
been determined [3]-[7].

The main disadvantage of the DFIG concept for instance
is the expensive and fault-prone three-stage gearbox, which
is mandatory for this concept, since the generator is directly
connected to the grid and its speed (1200 — 1800 min~1!) is
much higher than that of the rotor (12 — 15min~"'). During
voltage dips a so-called crowbar system can be connected in
the rotor circuit of the DFIG, in order to short-circuit it and
avoid the induction of high currents in the frequency converter,
which leads to high shock loads in the gearbox, especially after
the fault clearance [2], [8], [9].
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The direct-drive gearless DD EESG and PMSG concepts
do not have the disadvantage of a high-maintenance gearbox,
however the generators used here are bulky low-speed high-
torque electrical machines with diameters of several meters.
This results in increased production and investment costs and
higher weights, not only for the nacelles, but also for the
towers. Also, full-scale frequency converters are used in order
to fully decouple the generators from the grid, which further
adds to the cost and weight of these concepts [2], [10]-[13].
The separate controllable rectifier in the rotor circuit of the DD
EESG, needed to provide the excitation, is also the cause of
additional losses. On the other hand, the PMs used in the DD
PMSG concept are a constant financial insecurity, due to the
price fluctuations over the last years. When regarding the PM
mass used in WTs (about one ton per megawatt), the influence
of the PMs on the total investment can not be underestimated
[10], [11], [14].

The 2G PMSG shows some advantages when compared
to the direct-drive concepts, in that the drive train is more
compact, because of the integration of the one- or two-stage
gearbox and the generator. However, higher maintenance and
a somewhat increased cost factor — due to the existence of
the gearbox and the use of PMs — are still an issue with this
concept [12], [13], [15].

Based on the aforementioned drawbacks of the four con-
ventional concepts, a series of requirements can be defined,
which alternative drive trains have to fulfill, in order to assure
the technical and economic improvement of future WTs:

« High power density

o Increased system efficiency

« Reduced weight and size

o Low investment and production costs

« Reduced maintenance and low downtimes

To meet these requirements an alternative WT drive train
with multiple high-speed generators is proposed in this paper.
A schematic diagram of the proposed concept is shown in
Figure 2.

This drive train combines the advantages of the WT concept
with multiple generators [16], [17] with those of the high-
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Fig. 2. Schematic diagram of a WT with six high-speed generators.

speed application of electrical machines, which is already
used in the automotive and off-highway machines industry:
significant material and cost reduction, high availability and
increased energy efficiency. The gearbox used for this concept
needs a fourth gear stage, when compared to the more conven-
tional configurations, since the targeted speed is 5000 min—*
(much higher than that of similar concepts [3]) and thus a
transmission ratio of up to 500 is needed. This fourth gear
stage can lead to additional losses or downtimes. However,
these drawbacks can be compensated through an optimized
operational strategy, since a part of the drives can be shut
down in partial load. The concept shown in Figure 2 displays
six generators, but versions with four or eight generators are
also conceivable.

The targeted higher speed of the generators results in an
increased power density, which brings a considerable weight
and size reduction of the drive train. This further leads to
a significant saving of magnetic active material (electrical
steel, copper and PMs) and thus to a decrease of the invest-
ment costs. The design with multiple identically constructed
generators means that more identical parts will be available.
At the same time, these parts are smaller and lighter than
the parts of conventional turbines, due to the power split
configuration. This results in an increased economic efficiency
in the production and the reduction of downtimes. First
considerations regarding a similar concept of a 3MW WT
with four generators indicate that the overall downtimes of
the system can be reduced from 152 (DFIG) to 138 hours
per year. Also, a maintenance costs reduction of about 20000
EUR per year was determined, when compared for instance
to the conventional gearless concepts. Furthermore, for such
configurations some of the generators can be shut down in
partial load operation and the distribution of the wind energy
can be optimized according to efficiency. A certain redundancy
of the system is therefore given as well, since energy will
always be produced, even in case of a malfunction of one
generator.

The purpose of this paper is to illustrate some of the
advantages of this alternative WT drive train concept. Section
II presents the studied electrical machine topologies ensuing
from analytical calculations and the choosing of the VI-PMSM
as the most suited topology for this application. In section III
the drive train model in MATLAB Simulink is outlined. The
VI-PMSM used here is implemented based on the efficiency
map of a reference machine. Finally, a method to reduce
cogging torque and undesired harmonics and thus to improve
the operational behavior of the used VI-PMSM configuration
is shown in section IV.

II. STUDIED ELECTRICAL MACHINES

In order to choose the most suited electrical machine to be
used as a generator in the proposed drive train, three topologies
are regarded in this section: the squirrel cage induction ma-
chine (SCIM), the electrically excited synchronous machine
(EESM) and the synchronous machine with PM excitation
(PMSM). First, the technical requirements and constraints for
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WT characteristics

Rated power Pwr 6 MW
Rated speed nwr 11.11 min—1
Rated wind N 13 %
Cut-in wind Veut—in 3 %
Cut-out wind Veut—out 25 %
Rotor diameter D, 126 m
Hub height Rhub 100 m
Power coeff. CP,max 0.467
Tip speed ratio  Aw T, opt 7.6
Air density Pair 1.225 k&
Machine parameters

SCIM EESM PMSM
Rated power PN 1 MW 1 MW 1 MW
Rated voltage Un 690 V 690 V 690 V
Rated speed ny 5000 min~! 5000 min—! 5000 min—!
Phases m 3 3 3
Pole pairs p 4 4 4
Power factor cosp 0.875 0.8 0.8
Efficiency n 0.95 0.96 0.97
Esson coeff. C 4.25 KWopin - 55 kWin - 5 5 kWi
Relative length A 4 2.5 2.5
Air gap length § 0.6 mm 2 mm 2 mm
Air gap field Bm 0.87T 1.2T 1.189 T
PM height hpum - - 10 mm

TABLE 1

MODELING CHARACTERISTICS.

the WT and for the investigated machines are defined and
summarized. Subsequently, the three machine topologies are
designed based on analytical formulas and compared to one
another regarding their rated efficiency and power density.

A. Technical Requirements

For the modeling of the drive train with multiple high-speed
generators a large onshore variable speed, pitch-controlled WT
with 6 MW rated power and a rotor diameter of 126 m is
presumed. Further characteristics of this turbine are given in
Table L.

Before starting with the analytical design, a series of pa-
rameters and modeling characteristics for the three electrical
machines have to be assumed (see Table I), like the rated
voltage, the number of pole pairs or the power factor. These
parameters are defined based on specifications in [18] and
rely mostly on experience. At the same time, thermal limits
and saturation of the magnetic active material are taken into
account.

B. Analytical Design

In this section, starting from the rated values, a SCIM, an
EESM and a PMSM are designed analytically, according to the
assumed parameters in Table I. Subsequently, the calculated
efficiencies and power densities allow a comparison of the
discussed machines.

The main dimensions of the machines describe the basic ge-
ometry, like diameter or stack length, which are then required
for the detailed winding layout.

When choosing the number of pole pairs for the machines,
the switching frequency of the converters — in this case 3 kHz
— has to be taken into account. Usually, the frequency of the
machine should be about ten times lower than that of the
converter. Therefore, a number of p = 4 pole pairs is chosen
for now, which results in a frequency of fy = 333.33 Hz.

Dependent on the assumed rated values for voltage, ef-
ficiency and power factor, the induced voltage U,,q, input
power P,,..n, and rated current Iy can be determined. These
parameters characterize the behavior of the machines and are
required for the subsequent analytical calculations.

To calculate the bore diameter Dg, the ideal active stack
length [; and the pole pitch 7, of the machines, an adequate
Esson coefficient C' has to be chosen [18]:

2'Pmech'p
Dg = ¢ —— 2= — | 1
s ny-C-\-7 M)

The pole pitch allows the determination of the number of
slots per pole and phase gg and has an influence on the
magnetic flux in the air gap ®s, which is calculated based
on the assumed mean value of the air gap magnetic field B,,.
Assuming the magnetic flux in the air gap corresponds to the
main flux ®;,, the number of turns wg can be calculated.

Regarding the rotor, the slot geometry of the SCIM is
determined by calculating the current in the rings I,;,, and
the bars Ip,, of the rotor cage [18]. The slot geometry of
the EESM is given by the excitation current Iy [18], while
the slot geometry for the PMSM is dependent on the height
of the PMs. In this case, for the basic analytic calculation
implemented here, a rotor with surface mounted PMs is
chosen.

The design of the windings and the machine geometry
allows an evaluation of the copper and the iron losses of the
machines. After calculating the resistances of the stator and
rotor windings, the copper losses can be determined by

Plosses,Cu =m-R- 12 . (2)

An appropriate approach for the estimation of the iron
losses, dependent on the specific iron mass mpg., the peak
value of the magnetic field B and the frequency f, is given
by the IEM-Formula described in [19], where the material de-
pendent coefficients a; — a5 are determined by measurements:

Plosses,Fe = Mpge {al . BQ . f +as - B2 . f2.
. (1 tas- B‘“) tas- B f1.5} B

In addition to the copper and iron losses, it is required to
estimate the eddy current losses which occur in the PMs of
the PMSM. The effects and an analytic estimation of these
eddy currents are described in [20]. Only the effects caused
by spatial stator current harmonics are considered, because the
estimation of the eddy current losses due to time harmonics
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of the stator current or stator sloting does not result in proper
values [21].

Finally, mechanical losses caused by friction in the bearing
and air can be accounted for by [18]:

]Dlosses,mech = kfr ' DR ' (lz + 083 0.6 - Tp) : ’Ugirc ; (4)

where k¢, represents an empirical friction coefficient, depen-
dent on the used cooling system and v.;.. is the peripheral
speed on the rotor surface, which can be determined based
on the rotational speed and the machines rotor diameter Dp.
Since the cooling medium is not regarded at this point in the
design, a worst-case approximation is eventually used for the
calculation of the mechanical losses:

Plossesm@ech =0.01- Pmech . (5)

The calculated losses and geometry of the investigated
machines yield their efficiencies and power densities. Herewith
a comparison can be done and the most suited topology can
be chosen. The efficiencies and power densities, as well as
other resulting parameters are summarized in Table II.

The SCIM displays the highest power density, while the
EESM has the highest efficiency, although the difference is
rather small when compared to the PMSM. For the PMSM, the
eddy current losses in the surface mounted PMs are relatively
high and can not be sufficiently accounted for. However, it
is expected that the use of V-shaped internal magnets (VI-
PMSM) would lead to a much higher efficiency for this
machine [22]. For this reason the VI-PMSM is chosen for
the following investigations.

III. MODEL OF THE WT CONCEPT WITH MULTIPLE
HIGH-SPEED GENERATORS

In order to validate the efficiency improvement of a WT con-
cept with multiple high-speed generators as opposed to other
conventional concepts, a simple MATLAB Simulink model is
introduced. This model has the same structure as presented
schematically in Figure 2 and it consists of a wind calculation
block, a gearbox unit block with an appropriate power split
algorithm and, as previously mentioned, six identical generator
blocks. These blocks are described briefly in the following
sections.

A. Wind Model

The wind model transforms the wind energy depending
on the wind speed into an input wind power and a turbine

SCIM EESM PMSM

Outer diameter Dot 416.9 mm 518.2mm 474.1 mm
Total length ltot 657.6 mm 535.8 mm 649.1 mm
Volume \% 0.0897m3  0.113m3  0.115m3
Power density P, 11.148 MW g gag MW g 96 MW

m m’ m
Efficiency n 0.9542 0.9773 0.9731

TABLE 1I

RESULTS OF THE ANALYTICAL DESIGN.

speed. Based on an existing map of the power coefficient for
a 6 MW wind turbine — where the power coefficient is given as
a function of the tip speed ratio and different pitch angles via
look-up tables — a pitch control is designed. For an optimal
pitch angle of ¥,,; = 0°, the optimal tip speed ratio Ap
and maximum power coefficient cp 4, given in Table I are
reached. The input wind power can then be calculated as [10],
[11]:

1 D/”O/ 2
5 *Pair - T - <2f> : Uﬁn’,nd ! CP(ﬁa )‘) . (6)

B. Gearbox Model

The gearbox unit block consists of a simple transformation
of the turbine speed into the input speed for the generators,
where a transmission ratio of 450 is assumed. The speed of the
six generators is identical at all times, which means that only
the input torque coming from the turbine is divided among
the generators. As it will be shown in the following, this
power split yields an increase of the WT system efficiency at
partial load, if the torque is divided unsymmetrically among
the six generators. In order to avoid the underutilization of the
electrical machines and further increase the efficiency of the
system, the rated speed of the generators is set to be reached
earlier then the rated power, at about 10 % instead of 13 %
This ensures an operation of the generators closer to their rated
point, for a wider wind speed range.

Pwind,in =

C. Generator Model

The main characteristics of the reference VI-PMSM used
in this model are summarized in Table III and the geometry
is illustrated in Figure 3. The efficiency map is shown in
Figure 4. As previously stated, the six identical generators are
implemented based on this efficiency map. An already existent
model of such a topology was scaled up for the application
as a 1 MW WT generator. It must be noted, that the number
of pole pairs chosen here is smaller when compared to that
of the design in section II, in order to further increase the
difference between the frequency of the machine and that of
the converter.

D. WT System Model

Next to the advantages of redundancy and cost reduction
due to the drive train construction with multiple high-speed
generators, this concept also brings an efficiency increase
of the WT system at partial load. For this purpose, the
input torque has to be divided unsymmetrically among the
generators, as previously described. Figure 5 shows that indeed
an efficiency gain of almost 6 % can be reached in comparison
to a symmetrical split of the input power.

1V. VI-PMSM WITH IMPROVED ROTOR POLE GEOMETRY

As previously mentioned, one other aim of this paper is the
improvement of the operational behavior of the VI-PMSM,
whose reference design was implemented as a generator in
the proposed WT concept and described in section III. For
this purpose, sinusoidal rotor field poles are investigated. The
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General data

Rated power Pn 1MW
Rated voltage Un 690 V
Rated speed ny 5000 min—!
Active length l; 480 mm
Stator
Outer radius 7S,out 240 mm
Yoke height h; 34 mm
Tooth width by 20.4 mm
Slot height hs 53.6 mm
Air gap 1) 2.4 mm
Number of slots N 36
Rotor
Outer radius TR,out 150 mm
Inner radius TR,in 70 mm
PM angle apy 70°
PM height hpy 10 mm
Pole coverage a; 0.7
Pole pairs P 3
TABLE III

CHARACTERISTICS OF THE REFERENCE VI-PMSM.

Fig. 3. Geometry model of the reference VI-PMSM.

Torque [Nm)]

Speed [min~!]

Fig. 4. Efficiency map of the reference VI-PMSM.

minimization of the higher harmonics in the air gap and of
the cogging torque, as well as the increase of the machines
efficiency are the main goals of this investigation.

—
0.95 K .

>
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Fig. 5. Symmetrical vs. unsymmetrical power split.

A. VI-PMSM with Sinusoidal Rotor Field Poles

According to [23], a sinusoidal rotor field is produced by
the following relation for the air gap §:

dq
6(B) = —F—>
cos (TL . ﬁ)
where 7, is the pole pitch and 3 defines the angular position
on the rotor. The shape of the rotor is given by:

5(8) - ®)

It is obvious that the minimal air gap d,,i,(84) is located in
the d-axis of the machine and the maximal air gap 0,45 (54) in
the g-axis. To achieve different rotor pole shapes, the maximal
air gap has to be limited. Equation 7 defines the air gap on the
circumference of the rotor, as long as the definition of ;44
is not exceeded. Figure 6 shows an example of a new rotor
shape given by equations 7 and 8.

The design parameter g—q describes one specific rotor shape
and therefore different rotor shapes can be compared based on
this ratio: 5, bumas

% - 6’min ’

)

TR, out (ﬁ) =TS,in —

€))

B. Structural Analysis

The centrifugal forces, that occur in the rotor material, can
have an undesired effect especially on the iron surrounding the
PMs and need to be limited. Therefore, the mechanical stress
on the side and central bridges of the rotor poles has to be
investigated. These bridges are defined by the position of the

Fig. 6. Model of the VI-PMSM with sinusoidal rotor field poles, % =4.
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Fig. 7. Centrifugal force simulation for (% =4.

PMs inside the rotor. The shortest distance from a PM to the
rotor contour is defined as a side bridge. The distance between
two PMs of one rotor pole is called the central bridge.

To lower the resulting centrifugal forces, the PM can be
positioned deeper in the rotor. The trade-off between leakage
flux and resulting centrifugal forces defines the width of
the bridges. Figure 7 illustrates the mechanical stress for an
exemplary case of the air gap ratio.

C. No-Load Simulation

To analyze the behavior of different rotor pole shapes, a no-
load simulation is first applied and different rotor shapes are
compared to one another. The air gap ratio g—z is varied from
1 to 10. Figure 8a shows that even a doubling of the air gap
in the g-axis yields a minimization of the cogging torque of
almost 30 Nm (from + 35 to + 6 Nm). This can also be seen
in the fast Fourier transform (FFT) of the cogging torque in
Figure 8b.

At the same time, the total harmonic distortion factor (THD)
of the induced voltage in no-load operation decreases with an
increasing air gap in g-axis. This is illustrated in Figure 9,
where the voltages are simulated for a number of turns w = 1
and are thus independent of this factor.

D. Rated Operation Point

For the computation of the torque at rated operation, a fixed
current density of J = 5.5 m‘; 7 is applied in the coils of the
VI-PMSM with the different rotor designs. Because of the
increased air gap in the g-axis of the machine, the total torque
is reduced with increasing air gap ratio (%' This is due to the
reduction in reluctance torque, which stems from the magnetic
anisotropy between the ¢- and the d-axis of the machine. With
increasing air gap ratio, the magnetic flux paths must overcome
more air in the ¢-axis than for the reference machine, which
yields a matching of the inductances in the two axes. For

inductances of the VI-PMSM design with sinusoidal rotor field

s
poles it can therefore be stated that L, 2, Lg, rather than
Ly>Lg, as it is the case for the original design. The torque
loss for different air gap ratios is illustrated in Table IV.

E. Characteristic Diagrams

In order to conclude the investigation on the improvements
brought by sinusoidal rotor field poles, a final comparison of
the reference model and an adapted geometry is performed in
this section, based on characteristics diagrams of the losses
and efficiencies for the two machine topologies.

The previous simulations performed for the rated torque
and also for different other operation points have indicated
a decrease of the reluctance torque of the VI-PMSM with
sinusoidal field poles and therefore of its total torque as well.
The machine has to be upscaled so that it delivers the same
total torque for the same current as in the case of the reference
design. For the VI-PMSM with an air gap ratio of z% =4
the active length of the machine is increased to 620 mm, as
opposed to 480 mm for the reference model. This corresponds
to a machine growth of roughly 30 %, which means that the
adapted design is heavier and has a lower power and torque
density when directly compared to the original machine. Also,
more PMs will be needed, which further adds to the cost
factor. However, for smaller air gap ratios the size increase will
most likely be less than 30 %, since more reluctance torque is
delivered in these cases.

Figures 10a and 10b show the difference between the
reference model and the design with g—g = 4, regarding their
copper and iron losses. The adapted geometry has slightly
more copper losses than the reference machine (3kW as
opposed to 2.5kW for the rated operation point), due to the
increased overall length and therefore the increased copper
windings mass and resistance. However, the design shows a
significant reduction of the iron losses. This is most likely the
outcome of the decrease in higher harmonics in the air gap.
For the rated operation point for instance, the difference in the
iron losses is 3kW (11.1kW for the reference machine and
only 8.1kW for the design with sinusoidal rotor field poles),
which leads to an improvement of 27 % regarding this aspect.
Furthermore, it must be noted that in the case of the VI-PMSM
with adapted rotor geometry, the iron losses correspond to an
active length of 620 mm. This means that despite the 30 %
increase in iron material, the design with sinusoidal rotor field
poles yields less iron losses than the original design. In total,
for the machine with adapted geometry a decrease of 2.5 kW
(18.4 %) of the copper and iron losses in the rated operation

dq Trmaz
¢ [Nm]  [%]

1 1980 100
2 1670  84.3
4 1540 77.8
6 1490  75.3
8 1460  73.7
10 1460 73.7
TABLE IV

é
MAXIMUM TORQUE FOR DIFFERENT i
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Fig. 10. Total losses for different g—g.

point is achieved, as it can be seen in Figure 10.

As an overall result, the efficiency of the VI-PMSM with
improved rotor pole geometry is higher than that of the
reference machine, mainly due to the significant reduction of
the iron losses. In the rated operation point the efficiency is
98.51 % as opposed to 98.27 % (see Figures 1la and 11b).
Furthermore, as shown in Figure 11b, the improved VI-PMSM
design displays a larger area with an efficiency of over 98.5 %
(for lower speeds and higher torques) than the reference
machine. This has a positive influence on the overall efficiency
for defined operation cycles, especially for WT applications.

V. CONCLUSION

This paper proposes and illustrates the advantages of an
alternative drive train with six high-speed generators as a
viable application for a 6 MW WT. First, three electrical
machines are outlined based on analytical calculations and
the VI-PMSM is chosen as the most suited topology. An
existent design is then upscaled to 1 MW, in order to meet the
requirements of this specific application. The efficiency map
of this reference design is then implemented into a simple
model of the drive train in order to proof the validity of the
suggested concept. It is shown that multiple generators can
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Fig. 11. Efficiency maps for different g—z

offer the possibility of an unsymmetrical power split of the
input wind power, which yields an efficiency gain for partial
load operation of almost 6 %.

Furthermore, a method to improve the operational behavior
of the reference VI-PMSM design, based on sinusoidal rotor
field poles, is introduced. An air gap ratio is defined as a design
parameter of the different rotor shapes and used to compare
the reference machine to an exemplary adapted geometry.
Simulations show that a reduction of the cogging torque of
almost 86 % and a reduction of the total losses of more than
18 % in the rated operation point are achieved, for a rotor
geometry with an air gap ratio of g—z =4.

In future works, the other two electrical machine topologies
regarded here — the SCIM and the EESM - will also be
investigated in more detail, based on numerical simulations.
Especially the SCIM could turn out to be an interesting choice
for this WT concept, due to the high efficiency and power
density that result from this high-speed application. Moreover,
the reduction of downtimes and maintenance costs for this WT
configuration will also be regarded.
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