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Abstract—This paper proposes a novel concept for an electric
generator in which both ac windings and permanent magnets
(PMs) are placed in the stator. Concentrated windings with a spe-
cial pattern and phase coils placed in separate slots are employed.
The PMs are positioned in a spoke-type field concentrating
arrangement, which provides high flux intensification and enables
the use of lower remanence and energy non-rare earth magnets.
The rotor is exterior to the stator and has a simple and robust
reluctance-type configuration without any active electromagnetic
excitation components. The principle of operation is introduced
based on the concept of virtual work with closed-form analytical
airgap flux density distributions. Initial and parametric design
studies were performed using electromagnetic FEA for a 3MW
direct-drive wind turbine generator employing PMs of different
magnetic remanence and specific energy. Results include indices
for the goodness of excitation and the goodness of the electric
machine designs; loss; and efficiency estimations, indicating that
performance comparable to PM synchronous designs employing
expensive and critical supply rare-earth PMs may be achieved
with non-rare earth PMs using the proposed configuration.

Index Terms—Direct-drive generator, wind turbine, electric
machine, FEA, spoke permanent magnets, flux-intensifying topol-
ogy, toroidal winding.

I. INTRODUCTION

Over the last decade, the offshore wind generation industry
has grown annually by approximately 25% on average. In
recent years, the development and deployment of offshore
wind technology contributed around 10% to the worldwide
wind industry with the market share predicted to double by
2025 [1]. Countries across the world are currently evaluating
and planning for the potential energy available through off-
shore wind generation. For example, a previous study found
that widespread installation throughout the North Sea would
generate enough electricity to satisfy the energy requirements
of the EU [2]. Towards a future 100% sustainable future, the
continued technological development of wind turbine technol-
ogy may enable greater energy generation potential at a lower
material cost.

Wind turbine manufacturers have undergone significant
technological development to enable higher power level opera-

tion from 50kW in the 80’s to typical ratings of starting around
2 to 3MW today [2]. Wind turbines comprise an electric
generator and an associated power electronic converter. In
traditional turbines, a multi-stage gearbox is employed to adapt
the slow turbine speed to a generator compatible synchronous
speed [3], [4].

The gearbox has been reported as one of the most expensive
components of offshore wind turbines that may be associated
with failures and the resulting operational downtime [5].
Recent studies including around 350 offshore wind turbines
found that the gearbox has to be replaced approximately every
6.5 years, a substantially shorter lifespan than the 20 years
expected of the turbine generator [6]. In addition, the gearbox
contributes to the losses in the drive train [4].

Gear-less or direct-drive generator systems in which the
turbine shaft is directly connected to the generator rotor have
been proposed and developed to mitigate the aforementioned
issues. The simplification of the system through gearbox
removal is reported to result in potentially higher efficiency
and greater reliability [7].

Due to the high torque needed at low speed, direct-drive
generators are substantially larger in size and more expensive
than geared equivalents [4], [8], [9].

High specific torque PM synchronous machines have been
developed for servo drives and traction applications, e.g. [11],
[12], [13]. Special structured topologies such as PM assisted
synchronous reluctance machines with V-shape PMs [14] are
promising for flux concentration and the vernier type axial
flux configuration have shown promise for direct-drive low-
speed applications such as wind turbine generators. Vernier
type machines with concentrated windings provide greater
magnetic flux concentration through high rotor polarities and
can ease manufacturing as they require less stator coils than
conventional distributed windings [15]. Offshore wind turbines
require increased reliability compared to onshore counterparts,
prompting wind turbine manufacturers to consider more reli-
able direct-drive PM synchronous generators [8].

A summary of the dimensions and performance of exam-
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Table 1
SUMMARY OF MAIN DIMENSIONS AND PERFORMANCE FOR PM (NDFEB TYPE) DIRECT-DRIVE WIND TURBINE GENERATORS.

Ref. Power Airgap dia.  Stack length  Eff.  Total losses  Specific PM mass  Specific total mass  Specific thrust Goodness
MW] [m] [m] [%] (kW] [¢/Nm] [¢/Nm] [kN/m2] [(KNm/vWioss]

[4] 3.0 4.7 1.2 96.0 125 0.895 12.684 44 864 5.374

[10] 3.1 5.0 1.9 97.2 86 1.793 N/A 26.537 6.620

[10] 3.0 5.0 1.9 95.9 128 1.451 N/A 25.867 5.622

ple PM synchronous generator designs for direct-drive wind
turbines is provided in Table I. The electric machines have
approximately the same power rating and all of them employ
rare earth NdFeB type PM. The cost of materials is therefore
expected to be higher, especially when the application is the
very large diameter wind turbines that require a large volume
of rare-earth PMs. It is important to note that NdFeB, results in
a high airgap flux density, however, the large volume of PM in
these generators also increases the manufacturing difficulties
due to the extremely high forces between PMs. The uncovered
references only partially disclose the data of these generator
designs, therefore not supporting a detailed comparative study.
The efficiency reported in Table I is calculated based on the
information provided in the references.

In this paper, the novel concept proposed for a direct-
drive generator is inspired from a topology introduced by the
research group in a previous paper [16]. In the new approach,
the PMs that are placed in the stator, are positioned in a spoke-
type arrangement, which greatly intensifies the flux and hence
enables the use of relatively low specific energy non-rare-
earth PMs. The paper includes parametric studies based on
2D electromagnetic FEA, a procedure for sizing the PMs and
for selecting the magnet grade, and example designs evaluated
on multiple performance criteria.

II. THE TOPOLOGY AND OPERATION PRINCIPLE OF THE
PROPOSED GENERATOR

The proposed generator has a special configuration, as
shown in Fig. 1. The stator has multiple sections, each includ-
ing a PM and a single concentrated coil belonging to a phase
winding. The stator core is modular and with rectangular slots
that enable the use of rectangular wire leading to a high slot
fill factor and low copper losses. The concentrated coils are
toroidally wound with compact axial ends, providing further
contribution in reducing copper losses. The winding pattern
follows the succession of the three phases around the stator
circumference and high fault tolerance is achieved by placing
only one coil side in each slot.

The PMs are also placed in the stator, in a radial position,
and each two consecutive PMs are magnetized tangentially
in opposite directions. It should be noted that the magnets
can substantially extend in the radial direction enabling very
high flux concentration and achieving flux airgap flux densities
considerably higher than the remanence of the PM.

The rotor does not include any active excitation components
and has a laminated steel core of the reluctance-type with pro-
trusions, the number and dimensions of which are coordinated
with the stator characteristics.

Phase Coils

Figure 1. Cross-section and enlarged detailed view of the proposed generator
concept. The example design has 60 double stator slots, 3-phase toroidal
winding with concentrated coils, and 70 rotor protrusions corresponding to
140 magnetic poles.

Reference axis

Figure 2. Cross-section of the smaller periodicity region for the example
generator design with 7 rotor protrusions. The noted angular coordinates as
indicated are used in the analysis of the machine. The reference axis is middle
of the stator slots.

The studied minimal region of periodicity is illustrated in
Fig. 2 within the proposed concept and has 7 rotor protrusions,
operating in a generator with an equivalent of 14 magnetic
poles. This region was repeated 10 times to produce 140 mag-
netic poles. To explain the working principle of the proposed
generator concept and the torque generation mechanism, the
open-circuit (OC) PM field and the armature field are analyzed
using the MMF-permeance model depicted in Fig. 3.



To study the OC PM field, the armature windings are not
considered, leaving only the PMs as the source of the magnetic
field [16]. Without taking into account the stator’s slotting
effect, the airgap flux density distribution produced by PMs
can be calculated with:
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where, Bpas(¢,t) is the flux density distribution in the airgap
due to PMs; Fpys the amplitude of the square-wave MMF
created by PMs; A,,, the average of the maximum and
minimum of the airgap permeance; Ppj; half of the number
of PMs; ¢ the mechanical angle alongside the peripheral of the
airgap with its initial position with respect to the reference axis
¢o; kpy is equal to (2k+1)Ppyy and k is a positive integer;
N, the number of rotor protrusions, w, the mechanical speed
of the rotor, and @, and t are the rotor initial position and
time, respectively. Considering only the PMs as the source
of magnetic flux, according to (1), there are three groups of
flux density harmonics with different rotational speeds and
respective pole pairs of Kpas, Kpay + Ny and [Kppyr — Npy .

The distribution of airgap flux density as a result of disre-
garding the PMs and only considering the armature winding
Bag(¢,t) [15], can also be similarly obtained:
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where, Bagr(¢,t) is the distribution of airgap flux density
resulting solely from the armature windings; W,,., and I,
are the saw-tooth wave winding function and phase current
peak values, respectively; P4 is the number of coils per
phase in the armature winding; variables m, r, and ¢ are
positive integers, and m = 3r + 1 = tPsp; w is the
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Figure 3. Schematic of an MMF-permeance model for the proposed generator
with PM only (a), and with armature windings and airgap permeance (A).

electrical frequency; ¢, the phase angle relative to ¢,¢ from
the reference axis to the winding axis with three groups of
flux density harmonics with m, m + N,,., and |m — N,,.| pole
pairs.

Adjacent PMs are magnetized in the opposite direction
of one another, which is illustrated in Fig. 3(a); providing
flux intensification. The overall electromagnetic performance
of the machine is determined by the combination of stator
PMs, rotor protrusions and stator toroidal coils layout. The
electromagnetic torque can be obtained using the principle of
virtual work with the closed-form analytical airgap flux density
distributions of PMs, Bpas(é,t), and armature windings,
Bagr(¢,t), and can be expressed by:

CoW., 9 [ B(o,t)
Temg = 56~ = aer/v o
Daglus 0 [ , O
= 1 00, ), [Bpar(¢,t) + Bar(¢,t)]” do,

where, D is the stator outer diameter, g the airgap length, and
L4 the machine axial stack length. By using the orthogonal
properties of sinusoidal behavior, it can be inferred that only
the dominant airgap flux density harmonics from the PM and
armature fields with pole pairs of 4, 6, 8, 16, 18, and 28
would create a non-zero average electromagnetic torque in the
example generator.

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



Figure 4. Example proposed designs for flux concentration ratios of (a) two,
(b) three, and (c) four.

III. DESIGN CONSIDERATIONS AND NUMERICAL STUDIES

For low-speed direct-drives typically the best suited are
machines with a large number of poles, a short core length,
and a relatively large diameter [12]. The airgap flux density
for a spoke PM arrangement can be estimated by:
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where, D, is the airgap diameter, p the number of pole pairs,
- the PM relative permeability, B, the PM remanent flux
density, and k, the rotor leakage coefficient, which can be
adjusted to account for the saturation and slotting effects;
the PM length in the direction of magnetization is ¢py; and
the PM height along the rotor radius is hpjs. The airgap
flux density is directly proportional to the PM remanent flux
density, its length, and height. For a fixed value of PM length
and height, the airgap flux density variation with PM remanent
flux density can be shown as Fig. 5. It should be noted that
in this figure, the airgap flux densities are shifted to have a
better visibility. The flux density and flux lines for the example
design with PM remanent flux density of 0.4T is shown in Fig.
6, and it shows that saturation is heavily present, even with
ferrite PMs.

The flux concentration ratio of &, can be defined based on
the length of the PMs by:

2h
¢=21 (5)

Tp

where, 7, is the stator pole pitch, i.e., stator outer circumfer-
ence mD; divided by the number of PMs np;;. It should be
noted that the spoke type topology is particularly beneficial
in high polarity machines like the proposed concept in this
paper due to the flux concentration effect wherein the magnetic
flux of two magnets contributes to the airgap magnetic flux in
each pole [12], [11]. Different flux concentration ratios can
be achieved and Fig. 4 depicts the proposed topology concept
with flux concentration ratios of two, three and four.

In order to decide on a suitable flux concentration ratio, the
concept of “excitation goodness” is defined as the ratio of the
flux on magnet surface per magnet mass and is calculated as:
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Figure 5. The airgap flux density of the proposed generator concept with
three different PMs, with remanent flux densities of 0.4T, 0.6T, and 0.8T (a)

the radial component of flux density, and (b) the tangential component of flux
density, respectively.

where, Bpys and Mp), are the average flux density and mass
for each PM respectively, which are calculated by performing
2D electromagnetic finite element analysis employing the
ANSYS Electronics Desktop software [17]. The airgap flux
density and excitation goodness versus flux concentration ratio
for the PMs with a remanent flux density of 0.4T are shown in
Fig. 7, where, the base value for excitation goodness is equal to
1.38mWb/kg. By increasing the flux concentration ratio from
2 to 4, excitation goodness decreases, raising the PM weight
and airgap flux density. Considering excitation goodness and
airgap flux density, a flux concentration ratio of 3 is suitable
for a 0.4T PM remanent flux density. Similarly, by employing
PMs with a remanent flux density of 0.8T, a flux concentration
ratio of 3 is also a suitable choice, as demonstrated in Fig. §,
where, the excitation goodness base value is 3.09mWb/kg.

Using the electromagnetic torque and the square root of total
losses, the goodness of the machine is defined as:

Temg
VWiss'

The total loss for this generator includes components in the
laminated core, and winding copper, calculated as:

GD = 7
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Figure 6. (a) Flux density, and (b) flux lines of the proposed generator concept
with PM remanent flux density of 0.4T, the flux concentration ratio of three
and PM width to stator pole pitch ratio of 0.2.

Wloss :PCu+P€dy+PF€
= 3Ryl + Py + 3 [Pu(B. ) + P (B, )], ®

where, the winding resistance and current per phase are Ry,
and I, respectively and Peqy the eddy current losses in the
winding. Core losses include hysteresis P}, and eddy current
losses P, both as a function of frequency f and magnetic flux
density B. The calculated copper loss is constant regardless
of the flux concentration and PM width to stator pole pitch
ratios, because the analysis is performed at constant electrical
loading. In the analysis reported in this paper the winding
supplementary eddy current losses P4y, have been neglected.

The goodness of the proposed concept at different flux
concentration, and PM width to stator pole pitch ratios, is
depicted in Fig. 9 for two different PMs with remanent flux
densities of 0.4T, and 0.8T. Considering the variation of the
machine goodness at different flux concentration ratios, 0.2 is
considered to be a suitable ratio for PM width to stator pole
pitch.

IV. DISCUSSION

An example generator design with flux concentration ratio
of 3, and PM width to stator pole pitch ratio of 0.2, was further
studied. The energy stored in a PM is calculated as:

BQ

Wm = Vm &
20ty
where, V,, is the PM volume, and p the vacuum relative
permeability. The specific energy of PM can be defined as
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the amount of energy stored in PMs per unit of volume. The
proposed concept design uses a typical ferrite with a remanent
flux density of 0.4T and the goodness of the machine is
approximately half of the goodness of the machines reported
with NdFeB. The ferrite has a remanent flux density, approx-
imately 3 times lower than rare-earth type NdFeB, which
can be correlated with one order of magnitude less specific
energy. Employing a PM with remanent flux density of only
0.8T that is approximately 40% less than the remanent of
NdFeB, leads to the goodness value comparable with much
more expensive machines with rare-earth PMs, owing to the
high flux concentrating concept of this paper.

A specific torque constant for a machine with given slot and
winding may be defined as:

(10)

where, J is the copper current density of the winding. For
remanent flux densities of 0.4T, 0.6T, and 0.8T; the value of kr
is 0.679, 0.919, and 1.088MNm/(A/mm?), respectively; with
the non-linear effect being caused by magnetic saturation.

V. CONCLUSION

The new concept of a direct-drive wind turbine electric
generator, which was proposed in the paper, is advantageous
as it employs a simple and robust reluctance-type outer rotor
configuration and an inner stator with 3-phase special windings
and PMs in an arrangement that intensifies the magnetic flux.
An initial sizing procedure for the dimensions of the PMs
and the selection of their material characteristics has been
introduced. The approach is based on the concept of goodness
of excitation in order to ensure the efficient utilization of PMs.
Based on a dimensional and parametric study that considered
non-rare earth PMs with a remanent flux density between 0.4T
and 0.8T, and focused on the machine goodness index, it can
be concluded that designs based on the proposed topology
can achieve comparable performance to their conventional
counterparts employing NdFeB.
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