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Abstract: In this study, we investigated the torque characteristics of large low-speed direct-drive permanent
magnet synchronous generators with stator radial ventilating air ducts for oﬀshore wind power applications. Magnet
shape optimization was used ﬁrst to improve the torque characteristics using two-dimensional ﬁnite element analysis
(FEA) in a permanent magnet synchronous generator with a common stator. The rotor step skewing technique
was then employed to suppress the impacts of mechanical tolerances and defects, which further improved the torque
quality of the machine. Comprehensive three-dimensional FEA was used to evaluate accurately the overall eﬀects of
stator radial ventilating air ducts and rotor step skewing on torque features. The inﬂuences of the radial ventilating
ducts in the stator on torque characteristics, such as torque pulsation and average torque in the machine with and
without rotor step skewing techniques, were comprehensively investigated using three-dimensional FEA. The results
showed that stator radial ventilating air ducts could not only reduce the average torque but also increase the torque
ripple in the machine. Furthermore, the torque ripple of the machine under certain load conditions may even be
increased by rotor step skewing despite a reduction in cogging torque.
Key words: Permanent magnet synchronous generator (PMSG), Radial ventilating air duct, Torque ripple, Step
skewing, Magnet shape optimization, Finite element analysis, Wind power
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1 Introduction
The market of low-speed rare-earth permanent
magnet synchronous generators (PMSGs) for large
oﬀshore direct-drive wind power applications is gradually increasing as a result of their distinctive merits including excellent torque/power density, high efﬁciency, compactness, low maintenance and hence
high reliability (Tapia et al., 2013). However, the
‡
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nonexistence of mechanical gears suggests that the
undesirable eﬀects of torque pulsation generated on
the rotor of a large PMSG are unattenuated. Therefore, eﬀective reduction on the torque pulsations in
such large direct-drive PMSGs must be carried out
to prevent hazardous mechanical vibration (Sopanen et al., 2011). There have been many recent
studies of torque ripple and its reduction in permanent magnet (PM) brushless machines. Torque
ripple reduction methods can typically be divided
into two categories from machine design and control
perspectives (Jahns and Soong, 1996). The machine
design based methods are normally less costly but
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more eﬀective than the control based ones (Fei et al.,
2012). Thus, to mitigate cogging torque, deleterious harmonic content of the back electromotive force
(EMF) and hence electromagnetic torque pulsations
of PM brushless machines, various machine design
techniques have been proposed, including magnet
proﬁling (Islam et al., 2005; Fei and Luk, 2009; Chen
NN et al., 2010), magnet segmentation (Lateb et al.,
2006; Boukais and Zeroug, 2010; Ashabani and Mohamed, 2011), magnet pole arc width optimization
(Li and Slemon, 1988; Zhu and Howe, 2000; Bianchi
and Bolognani, 2002; Yang et al., 2006; Fei and Luk,
2010), magnet pole pairing (Bianchi and Bolognani,
2002; Wang et al., 2010; Fei and Luk, 2012), and stator slot and rotor pole number combinations (Atallah
et al., 2003; Han et al., 2010; Güemes et al., 2011).
A common and eﬀective technique to reduce torque
ripple in PM brushless machines is rotor step skewing (Zhu et al., 2005; Islam et al., 2009; Chen HS
et al., 2010; Güemes et al., 2011), which is often
employed along with other methods to suppress the
impacts of mechanical tolerances and defects in large
machines. However, all the above approaches result
in additional complexity and reduced torque output.

However, 3-D FEA models for such large PMSGs are
usually of high complicacy and computational intensity. Therefore, an approximate 3-D FEA method
has been proposed to reduce signiﬁcantly the computational time without noticeably compromising accuracy (Fei et al., 2013).

The heat dissipation eﬃciency from the active
material of a PMSG in a large oﬀshore wind power
application generally determines its overall torque
capacity. To manage the stator temperature eﬀectively within a safe range, air ducts with a radial
ventilating conﬁguration are commonly implemented
to guide the forced air transﬂux and remove the heat
generated by losses during the machine operation
(Pyrhonen et al., 2010). Hence, the stator is divided
axially into a number of sub-stacks by such air ducts
that change the eﬀective length in the axial direction
and aﬀect the back EMF and synchronous inductances of the machine (Ruuskanen et al., 2011). The
magnetic fringing eﬀects in these air ducts impose a
noticeable impact on the stator ﬂux density distributions, especially in the axial direction. Therefore,
more severe magnetic saturations occur on the ends
of the sub-stacks. However, such magnetic saturations aﬀect the torque characteristics of high power
PMSGs including torque pulsation and average output torque. Therefore, it is important to investigate comprehensively the impacts of these air ducts
on the torque characteristics. Comprehensive threedimensional (3-D) ﬁnite element analysis (FEA) is
very useful for reliable predictions of those eﬀects.

2 Direct-drive PMSG for oﬀshore wind
turbines

This study focused on the improvement and investigation of the torque characteristics, including
torque pulsation and average output torque, of a
large low-speed direct-drive PMSG with stator radial ventilating air ducts for oﬀshore wind power applications. The results of this study will show that
the cogging torque and electromagnetic torque pulsation of the machine can be signiﬁcantly mitigated
by magnet shape optimization. Moreover, the radial
ventilating air ducts in the stator result in increased
on-load torque ripple with reduced average torque in
the machine. Note that the on-load torque ripple in
the machine with optimal magnet design may even
be increased by rotor step skewing. However, rotor
step skewing is practically essential to alleviate the
impact of mechanical tolerances and defects on the
torque characteristics of such large machines.

2.1 PMSG conﬁguration
An integral-slot surface-mounted PMSG with
the conventional one slot per pole per phase conﬁguration, which can accommodate single-layer modular windings with high packaging and fundamental
winding factors, is a very promising candidate for
high-performance applications such as large oﬀshore
direct-drive wind power generations. The generator considered in this study was a large 4.5 MW
PMSG with 360 stator slots and 120 rotor magnet poles for oﬀshore wind power application. The
open slot conﬁguration, which can easily accommodate the modular coils, was implemented in order
to considerably improve the overall winding process
and package factor. Furthermore, the double air
cooling conﬁguration with several air ducts in the
stator is one of the most eﬀective thermal management techniques for such a large-scale PMSG (Ruuskanen et al., 2013). Generally, such an air duct
number is typically around 20, and they account
for about seven percent of the overall stator axial
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length. Hence, the stator of the proposed PMSG
consists of 24 sub-stacks with 74 mm axial length
and 23 6-mm radial ventilating air ducts in-between.
The actual arrangement of the sub-stacks and radial
ventilating air ducts is depicted in the schematic axial cross-section of the machine in Fig. 1, while the
main design parameters of the proposed PMSG are
given in Table 1. As the rated operational speed of
the machine is quite low at 15 rad/min (15 Hz electrical frequency), lamination sheets of silicon steel
type 65ww470 were employed for the stator cores,
and high-strength rare-earth neodymium-iron-boron
(NEOMAX-35H) magnets were chosen to achieve
high torque density.
Table 1 Main parameters of the proposed PMSG
Machine parameter

Value

Rotor geometry

Rotor inner diameter (mm)
Rotor yoke width (mm)
Magnet width (mm)
Magnet height (mm)
Airgap length (mm)
Rotor pole number

4230
60
103
19
6
120

Stator geometry

Stator inner diameter (mm)
Stator outer diameter (mm)
Stator yoke width (mm)
Slot height (mm)
Coil height (mm)
Stator slot opening (mm)
Stator eﬀective axial length (mm)
Stator total axial length (mm)
Stator slot number

4400
4900
50
200
190
19
1876
1914
360

Slot wind layer number
Coil number in series
Turn number per coil
Rated electrical frequency (Hz)
Rated current (peak) (A)

1
3
18
15
5778

Winding data

2.2 Magnet shape optimization
The considerable slot opening eﬀects due to the
open slots normally consort with considerable cogging torque and on-load electromagnetic torque pulsation, especially in the proposed PMSG with a one

Sub-stack
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slot per pole per phase conﬁguration. The magnets
in the machine were mounted directly on the surface of rotor iron. Hence, a magnet optimization
scheme was implemented in the machine to minimize the cogging torque, belt back EMF harmonics,
and hence the overall on-load electromagnetic torque
pulsations. Although the conventional sinusoidal
magnet shaping scheme can eﬀectively alleviate the
cogging torque and torque ripple, the corresponding
fundamental back EMF and hence torque would be
signiﬁcantly compromised (Pang et al., 2005).
In this study, a new magnet shape optimization
scheme was therefore implemented to enhance the
electromagnetic torque without compromising the
cogging torque and torque ripple in the proposed
PMSG. A schematic of the proposed magnet shape
scheme is depicted in Fig. 2. The magnet is ﬂat at
the bottom to facilitate manufacture and assembly.
The magnet height H at width W can be expressed
as
⎧
W ≤ Wpmc ,
Hpm ,
⎪
⎪
⎪
⎪
⎪
⎪
⎨ Hpm − Hm cos (W − Wpmc )π ,
2(Wm − Wpmc )
(1)
H=
⎪
⎪
⎪
<
W
≤
W
,
W
⎪
pmc
pm
⎪
⎪
⎩
0,
Wpm < W,
where Wpmc is the width of the central part of the
magnet with a height of Hpm , Hm is the diﬀerence
between the maximum and minimum magnet heights
over one whole pole, Wpm is the width of the magnet,
and Wm is the maximum magnet width over one pole,
which can be easily obtained as
Wm = 2(Rro − Hm ) sin

π
,
p

(2)

where Rro is the outer radius of the rotor and p is
the rotor magnet pole number. A fairly small Hm
is normally required to achieve a reasonable electromagnetic torque with minimized cogging torque
and torque ripple. To simplify the optimization,
only Wpm and Wpmc were optimized to improve the

Radial ventilating air duct

Windings
Magnets
Backiron

Fig. 1 Schematic axial cross-section of the PMSG with radial ventilating air ducts in the stator
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machine torque characteristics, with a ﬁxed Hm of
11 mm and unchanged stator, by comprehensive 2-D
FEA. Both open-circuit and rated load ﬁeld analyses
were carried out to obtain the cogging torque, overall
torque ripple, and average torque. The peak-to-peak
(P-P) values of the cogging torque in the machine
are plotted in Fig. 3a, which shows that the cogging
torque could be eﬀectively minimized by combinations of Wpm and Wpmc . Generally, a large Wpm is
preferred to deliver high torque with a low cogging
torque. The P-P torque ripple and average torque
from the rated load conditions are shown in Figs. 3b
and 3c, respectively. The average toque improves
as Wpm and Wpmc increase. However, the torque
ripple would become severe as Wpmc rises. Fig. 3
clearly implies that a compromise must be made
among cogging torque, torque ripple, and average
toque, to achieve the optimal goal. Thus, 10 mm
and 103 mm were chosen for the optimal Wpm and
Wpmc , respectively, by taking into account all three
features.
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Fig. 2 Sketch of the magnet shape scheme

2.3 Eﬀective axial length
A traditional PM machine has only two end areas, whose eﬀects on machine performance can normally be neglected in 2-D FEA. However, each air
duct in the stator of the proposed PMSG constitutes
two extra end surface areas for respective stator substacks. The fringing eﬀects on those end areas will
inevitably place impacts on the machine characteristics, especially axial ones, and must be taken into
account. Therefore, the inclusion of the eﬀective axial length of the machine is essential for an accurate
prediction by 2-D FEA. The eﬀective axial length
should be able to provide a correct main ﬂux calculation with 2-D FEA.
In this study, open-circuit 2-D and 3-D FEA
were carried out to obtain the eﬀective axial length of
the machine. Fig. 4 depicts the optimal machine with
ﬂux density distributions under open-circuit condition from respective 2-D and 3-D FEA results. Nec-

Average torque
(MN·m/m)

W
Wpm

−1.3
−1.4
−1.5
−1.6
−1.7
70
80

10

Ma

et

20

90

gn

wi

dth

30

100
(m

m)

40
110 50

Cen

tral

ne
mag

t wid

th (m

m)

Fig. 3 The torque characteristics of the PMSG with
magnet shape optimization from 2-D FEA results: (a)
P-P cogging torque; (b) P-P torque ripple; (c) average
rated torque

essary boundary conditions are employed in both 2-D
and 3-D FEA models to eﬀectively reduce the corresponding model size and hence signiﬁcantly save
computational time. With anti-periodic and symmetric boundary conditions, 1/120 and 1/240 of the
machine were modeled in 2-D and 3-D FEA, respectively. The eﬀective axial length of the machine was
derived as 1876 mm (98% of the overall stator length)
for 2-D FEA to deliver the same fundamental ﬂux
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Fig. 5 Cogging torque waveforms of the optimal machine from 2-D and 3-D FEA results
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Fig. 4 Open-circuit flux density distribution of the
proposed PMSG: (a) 2-D FEA; (b) 3-D FEA (References to color refer to the online version of this figure)
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The corresponding cogging torque and phase
back EMF waveforms were obtained by 2-D and 3-D
FEA models. The cogging torque waveforms (Fig. 5)
show that both the proﬁles and magnitudes are in
very close agreement between the 2-D and 3-D FEA
results. The magnet proﬁling scheme implemented
has mitigated the cogging torque eﬀectively. The results also imply the trivial impacts of the radial ventilating air ducts in the stator on the cogging torque.
The resultant phase back EMF waveforms and their
spectra were derived and compared (Fig. 6). The difference between the waveforms is barely noticeable
(Fig. 6a) as their values of the fundamental component are the same. However, Fig. 6b shows that the
5th and 7th harmonics of the back EMF are almost
eradicated in 2-D FEA results as a result of magnet
optimization while they are still quite evident in 3-D
FEA results due to the eﬀects of the radial ventilating air ducts in the stator. The results show that
the inﬂuences of the radial ventilating air ducts in
the stator on the belt back EMF harmonics are quite
noticeable, especially the ﬁfth one, and are the main
contributors of on-load electromagnetic torque pul-
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Fig. 6 2-D and 3-D FEA back EMF waveforms (a)
and spectra (b) of the optimal machine

sation in the proposed PMSG. Overall, the 2-D FEA
approach with eﬀective axial length can deliver quite
accurate open-circuit characteristics of the machine.

3 Torque characteristics of the optimal
PMSG
For simplicity and clarity, balanced three-phase
sinusoidal currents are assumed in the windings to
decouple the nonlinear torque eﬀects from the controller. The instantaneous torque of PM machines
can be segregated into three components: cogging
torque, reluctance torque, and PM torque. The
cogging torque is independent of load conditions,
while the reluctance torque and PM torque are
highly dependent on the load conditions, such as
the current magnitude and current phase advance
angle. Without loss of generality, the instantaneous
torque in the proposed PMSG with load conditions
can be obtained by synthesizing the corresponding

Hao et al. / Front Inform Technol Electron Eng

2016 17(8):814-824

+

(a) −2.0

Tcn sin(nNsr θ)

n=1
∞


Ten (Ip , ϕp ) sin[3nNr θ + ϕen (Ip , ϕp )],

n=0

−2.4
−2.6
−2.8
−3.0

0

0.2

0.4
0.6
Rotor position (degree)

0.8

1.0

0

0.2

0.4
0.6
Rotor position (degree)

0.8

1.0

(b) −2.0
Torque (MN·m)

−2.2
−2.4
−2.6
−2.8
−3.0

(c)
Torque (MN·m)

(3)
where Tcn is the amplitude of the nth harmonic of
the cogging torque, Nsr is the least common multiple
of stator slot number Ns and rotor pole number Nr ,
and Ten (Ip , ϕp ) and ϕen (Ip , ϕp ) are the respective
amplitude and phase angle of the nth harmonic of
the electromagnetic torque generated by the phase
current with amplitude Ip and phase ϕp . The frequencies of the cogging torque and electromagnetic
torque pulsation harmonics are the same in the proposed machine.
The open-circuit back EMF results from the previous section imply that the 5th and 7th harmonics
mainly contributed by the radial ventilating air ducts
in the stator will result in extra components on the
load-dependent electromagnetic torque pulsation of
the proposed PMSG under load conditions. Consequently, the torque characteristics of the proposed
machine excited by rated phase current with phase
advance angles varying from −30◦ to 30◦ were comprehensively evaluated by 2-D and 3-D FEA. The
torque waveforms from 2-D and 3-D FEA results are
depicted in Figs. 7a and 7b respectively, and the
corresponding magnitudes of the torque harmonics
are derived and compared in Fig. 7c. The proﬁle
of the 2-D FEA torque waveform resembles its 3-D
FEA counterpart with a lagged current phase angle
applied. When the current phase angle turns into advanced, the waveforms start to diverge and the diﬀerence reaches its maximum at the phase advance angle
that gives the lowest torque pulsation. With further
increases in the phase advance angle, the waveforms
gradually become similar once again. The 2-D FEA
results overestimate the average torque values but
underestimate the torque pulsations. On the whole,
the accuracy of 2-D FEA predictions on the torque
characteristic in the proposed optimal PMSG is indubitably challenged. The relative errors of the average torque and P-P value of torque ripple between
2-D and 3-D FEA results are shown in Fig. 8.
Fig. 8 shows that the relative errors for the average torque will steadily decay as the current advance
angle rises. In order to use the whole envelope to the
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Fig. 7 2-D and 3-D FEA torque characteristics of
the optimal machine: (a) torque waveforms from 2-D
FEA; (b) torque waveforms from 3-D FEA; (c) torque
harmonic magnitudes

utmost extent, moderate magnetic saturations are
deliberately introduced in the proposed optimal machine with the rated load condition. As the current
advance angle increases, the saturations in the stator will be accordingly alleviated thanks to the ﬂux
weakening eﬀects. The end regions of sub-stacks in
the actual stator experience more severe magnetic
saturations than the corresponding center regions
since the magnetic fringing eﬀects occur in the related air ducts. Hence, the magnetic ﬁelds near these
end regions will inevitably diﬀer from the ones near
the corresponding center regions, which is conﬁrmed
by the 3-D FEA ﬁeld results in Fig. 8. Moreover,
such diﬀerences will slowly diminish as the phase
advance angle of the current increases from ﬂux enhancement to ﬂux weakening (Fig. 9). For simplicity,
uniform ﬂux density distributions are hypothesized
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Fig. 8 Relative errors between 2-D and 3-D FEA
results

along the axial direction of the machine for the 2-D
FEA method. This assumption induces noticeably
large errors on the average values of 2-D and 3-D
FEA torque, especially when the phase advance angles are relatively small. However, such a relative
error will be below 1.0% with 30◦ phase advance angle. The current phase advance angles from 2-D and
3-D FEA results delivering the maximum average
torque in the proposed optimal PMSG are about 10◦
and 15◦ , respectively (Fig. 7). Since the predicted
inductances from the 2-D FEA model are smaller
than the 3-D FEA ones (Ruuskanen et al., 2013), it
will underestimate the reluctance torque contribution in the machine. This can partially explain the
mismatch between the optimal 2-D and 3-D FEA
values for the phase advance angle.
On the other hand, the 2-D FEA torque ripples
in most cases are considerably lower than the 3-D
FEA ones due to the underestimated 5th and 7th
harmonics of the back EMF. The ﬁrst and second
harmonic components are the main contributors of
the whole electromagnetic torque pulsation in the
machine (Fig. 7). With the phase advance angle
of the current beyond 20◦ , the relative errors on PP values of torque ripple become negative (Fig. 8),
which implies that the 2-D FEA method will overestimate the torque pulsation instead. The respective
current phase advance angles from 2-D and 3-D FEA
results delivering the minimum torque ripple about
10◦ and 20◦ . As for the average torque, the same
explanations still serve the turn on the evident mismatches between the 2-D and 3-D FEA P-P values
of torque ripple.

4 Optimal PMSG with rotor step
skewing
Although the cogging torque and torque ripple of the proposed PMSG have been minimized by

(a)

(b)

Fig. 9 3-D FEA flux density distributions on individual sub-stack of the stator excited by rated current
with −30◦ (a) and 30◦ (b) phase advance angles (References to color refer to the online version of this
figure)

magnet shape optimization, mechanical defects and
tolerances are practically unavoidable in such large
machines during manufacture and assembly. The
rotor skewing technique is widely employed to alleviate the impacts of those factors. However, the
magnets in the machine have ﬂat bottoms. This
would make continuous magnet skewing impractical as it would result in an irregular magnet shape
and magnetization pattern. The rotor step skewing
technique can be an eﬀective alternative to resolve
these issues. Therefore, synergy of magnet shape optimization and rotor step skewing is important for
preventing severe mechanical vibration and acoustic
noise in large PM wind generators (Sopanen et al.,
2011).
The machine with a rotor step skewing
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technique can be essentially considered as a number
of axially conjoined identical sub-machines with circumferentially and sequentially shifted rotors. By ignoring the end eﬀects and axial interactions between
the sub-machines, the overall instantaneous torque
can be obtained by synthesizing the electromagnetic
torque of all the individual sub-machines with the
phase advancing concept (Islam et al., 2009) as

υ
∞
nNsr θs
sin

2
Tcn sin (nNsr θ)
T (θ) =
1
n=1 υ sin
nNsr θs
2
(4)
∞ υ−1

 1
Ten (Ip , ϕp − ϕk )
+
υ
n=0
k=0

· sin(3nNr (θ + ϕk ) + ϕen (Ip , ϕp − ϕk )) ,
where

υ − 2k − 1
θs ,
(5)
2
υ is the number of the skewing step, and θs is the
actual mechanical angle of the skew between two
adjacent modules. Obviously, all the harmonics in
the load-independent cogging torque as the ﬁrst item
in Eq. (4) can be eradicated except those that are
multiples of υ with the skewing angle as
ϕk =

θs =

2kπ
,
υNsr

k = 1, 2, . . . ,

(6)

where k is usually set as small as possible to avoid severe performance degradation for the machine. However, the inﬂuence of rotor step skewing on the loaddependent component of the torque ripple is not
very obvious from Eq. (4). Since the associations
of the cogging torque to the overall torque pulsation in the proposed ideal machine are minimized
by magnet shape optimization, the skewing angle
could be diﬀerent from that derived by Eq. (6) for
improved overall torque ripple reduction (Chu and
Zhu, 2013). However, inevitable mechanical defects
in the actual machine could signiﬁcantly increase the
cogging torque, so the skewing angle from Eq. (6) is
essential.
With the corresponding angles for the skewing
step derived from Eq. (6), the PMSGs with up to four
steps were comprehensively studied by both synthesized 2-D and 3-D FEA. The 3-D FEA open-circuit
ﬂux density distributions of the PMSG with the rotor
step skewing technique are shown in Fig. 10. The resultant cogging torque (Fig. 11) and back EMF wave-
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forms (Fig. 12) of the machine with rotor step skewing were derived and compared accordingly. Comparisons between Figs. 4 and 10 indicate that the
cogging torque can be eﬀectively mitigated and even
almost eradicated when the rotor step number exceeds two. Furthermore, the high back EMF harmonics are eﬀectively mitigated by incurring bearable loss on the fundamental harmonic. However, the
2-D FEA would inevitably underestimate the magnitudes of cogging torque and back EMF harmonics,
especially the third and ﬁfth harmonics. Overall,
satisfactory agreement was found between the synthesized 2-D and 3-D FEA results.
Comprehensive evaluation of the torque characteristics of the proposed PMSG with the two-step
skewing rotor, excited by rated stator current with
diﬀerent phase advance angles ranging from −30◦
to 30◦ , were performed. The torque waveforms and
their spectra from 2-D and 3-D FEA results are illustrated in Fig. 13. The 2-D FEA torque waveform
has a very similar shape but an abated magnitude
compared to its 3-D FEA counterpart. As the phase
advance angle of the current mounts, the diﬀerence
between 2-D and 3-D FEA results gradually diminishes as a result of magnetic saturation easing in the
stator. Meanwhile, the 2-D FEA torque ripple amplitudes in most cases are substantially lower than the
3-D FEA ones as a result of the underestimated ﬁfth
harmonics of back EMF. The ﬁrst harmonic components are the key contributors to the total electromagnetic torque pulsation in the machine (Fig. 13).
Generally, the torque ripple amplitudes gradually decline as the phase advance angle of the current increases. Both 2-D and 3-D FEA results reveal that
the machine will deliver its maximum torque at a
10◦ phase advance angle. Overall, the ﬁgures show
that in most cases the 2-D FEA results will overestimate the average torque values but underestimate
the torque pulsations.
Investigations on the proposed machine with
three- and four-step skewing were also carried out using both the synthesized 2-D and comprehensive 3-D
FEA. The resultant average torque and P-P values
of torque ripple are derived and compared in Fig. 14.
The average torque of the machine gradually drops
and the variation in the diﬀerence between 2-D and
3-D FEA results ameliorates as the rotor skewing
step number increases. This implies that the impacts of the axial air slots in the stator would be
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Fig. 11 Cogging torque waveforms of the machine
with the rotor step skewing technique from 2-D and
3-D FEA results
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Fig. 10 3-D FEA open-circuit flux density distribution of the optimal PMSG with the rotor step skewing technique: (a) two steps; (b) three steps; (c) four
steps (References to color refer to the online version
of this figure)

reduced by using the rotor step skewing technique.
The maximum average torque could be delivered at
a current phase advance angle of 15◦ for machines
without step skewing and 10◦ for machines with step
skewing. Moreover, the P-P values of torque ripple in
the PMSG with rotor step skewing gradually decline
along with the phase advance angle of the current.
The P-P torque ripple also decreases along with the
number of rotor skewing steps. Note that the P-P
values of torque ripple will actually increase using
the step skewing technique with a current phase advance angle from −5◦ to 20◦ despite reductions in

Fig. 12 2-D and 3-D FEA back EMF waveforms and
spectra of the optimal machine with the step skewing
technique: (a) waveforms; (b) spectra

the cogging torque and back EMF harmonics. However, there will be inevitable mechanical tolerances,
which could signiﬁcantly increase the cogging torque
and back EMF harmonics in the proposed PMSG.
Hence, the proposed rotor step skewing technique
is of practical signiﬁcance to minimize the torque
ripple.

5 Conclusions
The torque characteristics of large low-speed
direct-drive permanent magnet synchronous generators with radial ventilating air ducts in the stator for
oﬀshore wind power applications have been comprehensively investigated in this paper. Two common
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Fig. 14 2-D and 3-D FEA average torque and PP torque ripple of the proposed machine with up to
four steps: (a) average torque; (b) P-P torque ripple
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Fig. 13 2-D and 3-D FEA torque characteristics of the
optimal machine with two-step skewing: (a) torque
waveforms from 2-D FEA; (b) torque waveforms from
3-D FEA; (c) torque harmonic magnitudes

increased by rotor step skewing, despite the cogging
torque back EMF harmonic reduction. However,
mechanical tolerances and defects are practically inevitable and impair the eﬀectiveness of the magnet
shape optimization technique. The rotor step skewing technique is a common and eﬀective approach
used to minimize the impacts of mechanical tolerances and defects and hence improve the resultant
torque quality in the machine.
Acknowledgements
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