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ABSTRACT

The direct-drive radial flux synchronous generator is considered as the modern wind turbine drive train. Both the electri-
cally (e.g., Enercon) and permanent magnet (PM; e.g., Siemens) excited direct-drive generators are gaining popularity on
the market today. Compared with the matured geared counterpart, the electrically excited direct-drive generator is heavier
and more expensive but more reliable per unit capacity. The PM-excited generator is expensive, is simpler in electrome-
chanical design, has a high power-to-weight ratio, and yields a higher energy conversion efficiency than its electrically
excited equivalent. The PM generator technology has the potential to yield the highest energy-to-cost ratio. However,
standardization of this direct-drive generator parts/subassemblies may overcome the existing cost barrier. Most current lit-
erature focuses on PM generator wind turbine technology, specifically on generator energy conversion optimization, and
the scalability of technologies to capacities in access of 5 MW. Strangely, PM generator’s mass and cost reductions through
optimized structural design incorporating manufacturing, transportation, and installation constraints are less studied. This
paper solely focuses on the mechanical and structural design aspects of large radial flux synchronous PM generators specific
to direct-drive wind turbines. Generator topologies such as the common iron-cored and unconventional air-cored genera-
tor are discussed. However, design considerations specific to the iron-cored generator topology are studied. The design
considerations investigated involve the geometries and the configurations of rotor/stator active and inactive structures, the
interfaces, and the conductor/PM mounting methods. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The main aim of the direct-driven generator structural design and rotor/stator/component configuration is to obtain and
sustain the minimum air-gap clearance (e.g., 0:001Dairgap). Secondary design considerations such as the integration of
ancillary components, e.g., braking system, manufacturing, and assembling of structures; transportation; generator instal-
lation; and serviceability further limit design configuration options.1 However, such design configuration options are
numerous, and measures to compare are complex. Structurally, a generator is an assembly of modular, welded, or casted
active (electrical) and inactive (structural) substructures of which the material selection, geometries, and interface toler-
ances influence cost, mass, and energy conversion efficiency.2 Generally, direct-drive generators are mostly custom built
with the rest of the wind turbine and generator design standards such as the IEC 61400-1 or national derivations thereof are
applied. Typical megawatt direct-drive permanent magnet (PM) generators have mean air-gap diameters (Dairgap) between
4–6 m. Machines may weigh about 0:6T 0:6 in ton3 where T is the rated torque in kNm and cost approximately 219P in
US dollars3 where P is the rated power in kW. The generator structural stiffness requirements are mainly dominated by the
magnetic-induced normal stress acting at the rotor/stator electromagnetic interface. The magnetically induced tangential
stress limitation varies between 25–50 kN m�2. This paper distinguishes between iron and air cored radial flux generator
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topologies, followed by the discussion on the different iron-core topology configurations. Configuration considerations
such as bearing types and arrangements, shaft/axle load supports, rotor type, and generator-hub interface options are dis-
cussed. Generator rotor and stator, active and inactive, substructures are also investigated. Lastly, the mounting of active
components such as conductors and PMs are addressed. Figure 1 presents a typical direct-drive PM generator design and
declares the terminology applied.

2. RADIAL FLUX GENERATOR TOPOLOGIES

Generally, two radial flux generator topologies exist of which examples are shown in Figure 2(a),(b). The conventional iron-
cored topology (Figure 2(a)) utilizes a single set of PMs and is the most popular over a wide capacity range, whereas the
unconventional air-cored topology (Figure 2b) includes a double set of PMs.4 The latter is costly and falls in the small-scale
class. Various design configurations exist for both topologies.

The design of the conventional iron-cored topology involves a combination of various configuration choices1 such
as generator rotor/stator inactive substructure geometries, ancillary component interfaces, etc. The configuration choices
discussed in this paper are as follows:

� Generator location.
� Single, double, or triple bearing arrangements and bearing types.
� Internal or external stator/rotor arrangement.
� Generator rotor support with a rotating or non-rotating (axle) shaft.
� Generator and wind turbine rotor interfaces.

Generator configuration design is a complex balance of wind turbine rotor to tower load paths with structural stiffness
requirements1 that influence generator energy conversion efficiency and costs. An optimal configuration ensures wind
turbine rotor torque isolation from aerodynamic-induced and gravitational-induced loads by means of the shortest, cost-
effective load transfer path. Such loads may either enter the generator through stator or rotor structure. Load transfer
via the stator structure adversely affects generator performance to wind condition sensitivity. Load path design also
impacts rotor bearing arrangement, rotor/stator aspect ratio, rotor configuration, and air-gap radial deformation limitation.5

Generator/wind turbine bearing type, stiffness, conditioning, and arrangement influence rotor/stator structural stiffness
requirements, design compactness, reliability, and scalability. Table I presents and compares typical conventional generator
configurations classed by bearing arrangement, and Figure 3 provides the corresponding sketches.

Figure 1. A typical direct-drive PM generator design.
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Figure 2. Radial flux generator topologies: (a) common iron-cored and (b) unconventional air-cored types.

2.1. Generator location

Generators are placed upwind or downwind relative to the tower. Downwind placement (e.g., Siemens and Mutsubishi),
typical to the geared drive train, requires a generator of lower structural stiffness at the expense of a low-speed shaft/spindle,
additional bearing support, and coupling components. The needed shaft relates to the additional torque and bending moment
fluctuations that affect coupling and bearing support design. Such a generator placement increases the overall rotating mass,
serviceability, accessibility and allows replacement without wind turbine rotor removal. Upwind placement (e.g., Gold-
wind) is most common since it yields a compact drive train and allows a single bearing rotor support. However, generator
access is compromised, and structural and interface stiffness requirements are intensified. Furthermore, axial loading is
increased since the generator is tilted horizontally upwards by 5ı. Although not studied, it is assumed that upwind placed
generators yields lighter drive trains because the large base frame is replaced with short turret.

2.2. Bearing arrangements and types

Bearings or bearing systems are the critical mechanical component11 in direct-drive generator designs since all wind tur-
bine rotor loads are transferred to the tower via bearings to axle/spindle/shaft or generator stator structure. Bearings support
both generator and wind turbine rotors and are arranged in single, double, or triple arrangements located in front of, strad-
dled, or downwind of generator stator. Bearings may even be placed at the air-gap diameter, e.g., NewGen concept.9 The
single bearing arrangement yields a short load path and simple assembly at the expense of stiffer rotor and stator struc-
tures and interfaces. Such an arrangement is constraint to short axle rotor support and currently limits generator scalability.
A generator with a double bearing (straddled) arrangement requires more structural material of less complex design. A
triple bearing arrangement has similar attributes as a double bearing arrangement; however, smaller diameter bearings may
be used. Bearing selection and arrangement are based on its loading, component stiffness, cost, operating environment,
and subsystem (e.g., lubricant cooling system) dependency. Detailed bearing load and behavior studies specific to the
direct-drive generator application are yet to be performed.

A number of different bearing types of varying bore diameters are used and proposed for large generators. This
paper presents the mechanical, magnetic, buoyant-hydrostatic, and NewGen bearing systems as shown Figure 4(a)–(d),
respectively.

2.2.1. Mechanical bearings.
Mechanical roller bearings (Figure 4(a)) with bore diameters of about 1.5 m are common.11,12 Typically, tapered cylin-

drical, cylindrical, or toroidal rollers manufactured from high-tensile alloy steel or ceramic alloys13–16 are secured in
sealed or non-sealed raceways. Bearing lubrication is either once-off or continuous.17 Once-off lubrication relates to bear-
ing greasing prior to assembly, whereas continuous lubrication entails continuous supply and cooling of lubricant with an
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Figure 3. Representation of direct-drive wind turbine generator design configurations.
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Figure 4. Presentations of the (a) mechanical, (b) magnetic, (c) buoyant-hydrostatic and (d) external roller-rail bearing systems.

external system. Generally, single or double row roller bearings, of which the latter may be unitized or separated, are used.
Bearing fixtures are accomplished with either designed bolt-on features or by press fitting to housing. The bearing interface
stiffness and alignment accuracy are governed by manufacturing tolerances. Currently, large bore diameter bearings are
costly to manufacture and cumbersome to transport, assemble, and install. However, in comparison with static-buoyant and
magnetic bearings, a mechanical roller bearing aligns and supports the rotor during all load conditions.

2.2.2. Magnetic bearings.
The magnetic bearing system (Figure 4(b)) is utilized in various dynamic load environments in which large diameter

heavy rotary structures are supported, for example, gas turbine rotors.18 These bearings are either of an active,18–20 i.e.,
electromagnetic (reluctance-force or Lorentz-force design) or a passive,21,22 i.e., PM nature. Advantageously, these bear-
ings require no lubrication and allow active vibration control. The load carrying capacity depends on the type of magnetic
field excitation, i.e., permanent or electromagnets, the arrangement and geometry of such magnets, the material magnetic
properties, and the control system design. Typically, the bearing stiffness and continuous alignment precision depend on the
control current, the power supply frequency, and the sensitivity of proximity sensory equipment.22 Magnetic bearings can
support large diameter generator rotors and increased generator reliability. Furthermore, generator structural mass reduc-
tions are expected.23 However, rotor touchdown under static load conditions or due to control faults may be prevented with
mechanical bearings. Alternatively, static loads may be accommodated by inducing generator rotor eccentricity or by using
additional PMs to offset the generator rotor.22

2.2.3. Buoyant-hydrostatic bearings.
A buoyant-hydrostatic bearing (Figure 4(c)) concept is proposed24–26 to support large diameter (i.e., > 5 m) generator

rotors. In concept, the generator rotor radial suspension relies on the density difference between an enclosed, hollow ring-
shaped rotor structure and a supporting fluid. An encapsulated hollow stator structure acts as a supporting fluid reservoir.
Fluid leakage at the rotor-stator interface is prevented with pressurized flexible, wear-resistant seals. The rotor axial align-
ment may be controlled with active hydrostatic bearings. Unlike conventional generators, the air gap is replaced with a
fluid gap. The fluid may enhance magnetic flux distribution, but viscous friction can incur substantial losses. The technical
feasibility of such a bearing type is yet to be investigated, and the structural mass savings claimed is debatable.
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2.2.4. External roller-rail bearing.
The external roller-rail (NewGen; Figure 4(d)) bearing concept can support a large rotor structure by using specific

shaped rollers racing in external rails.9,27,28 These disk-shaped rollers, supported by shafts and small mechanical bearings,
are fixed to generator rotor. An external raceway pair is embedded in the stator structure. Such a bearing can be placed at the
generator air gap; hence, generator rotor/stator structural stiffness requirements and mass are lowered. The roller geometry
and the number of rollers, raceway configuration, roller-rail tolerances, and materials determine the bearing stiffness. As
with mechanical bearings, more rollers increase the load carrying capacity. The bearing modularity simplifies manufactur-
ing. However, its high component count may adversely affect the reliability and induce additional noise and vibration issues.

Of the four bearing types discussed, the mechanical and magnetic bearings are considered capable of supporting medium
to large generator rotors. The buoyant-hydrostatic and roller-rail bearings are yet to be field tested in multimegawatt gener-
ator designs. In comparison, the mechanical bearing system has the lowest component count, needs no active control, and
is reliable.

2.3. Rotating and non-rotating shafts

Generator rotor bearings are either fixed to a shaft, spindle (short shaft), or axle. These load carrying components are
located between the turbine rotor hub and tower top. These structures are manufactured from nodular/gray cast-iron or
post-machined weldment steel assemblies1 and may be cylindrical or conical in shape and of hollow or solid design. Fur-
thermore, these structures may be modular in design or integrated with turret or generator stator. Typical shaft/spindle/axle
stiffness constraints are the allowed generator air-gap deformation, wind turbine rotor and generator loading, mass, and
cost. The effective axle/shaft/spindle stiffness is reduced by increased generator poles,29 whereas the diameter-to-length
ratio influences the fluctuating bending moment impact on the air-gap deformation. Shaft/spindle/axle structural stiffness
is enhanced by increasing wall thickness and diameter or by the use of high alloy steels. The conical, hollow cast-iron axle
of high diameter-to-length ratio in combination with a single bearing arrangement yields a compact generator design. Such
a design also eases access to generator or rotor hub. The shaft/spindle option requires a double bearing support and yields
an increased rotor inertia.

2.4. Internal or external generator rotor

Conventionally, generators are configured with internal rotors (e.g., Enercon) for robustness. Typically, the rotor houses
PM pole pairs on its outer periphery. An internal rotor design supports all bearing arrangements but spatially limits the
multipole generator design and requires forced rotor cooling techniques to maintain safe magnet temperatures. However,
the cooling of the external stator is simpler. An outer rotor generator design (e.g., Vensys) needs a stiffer support structure
that leads to more structural mass and geometry complexity. However, the increased rotor periphery area is advantageous
to a multipole generator design.30,31 Cooling of generator rotor is simplified, whereas stator cooling is adversely affected
since the rotor structure acts as a thermal barrier. By comparing the two rotor options, the inner rotor generator configura-
tion yields a short hub-tower load path, a higher air-gap flux density, and a lower stator thermal load, whereas an outer rotor
machine has a smaller volume and allows a hubless drive-train design. The energy conversion efficiency difference between
an inner or outer rotor generator design is small. Therefore, the design decision is governed by transportable size and cost.

2.5. Generator and wind turbine rotor interfaces

A generator may be integrated with the wind turbine blades in two ways (Figure 3): coupling via the hub or a direct gen-
erator rotor fixture. Within all wind turbine direct-drive trains, the rotor and generator rotor planes of rotation are axially
separated. Hubs support the rotor blades and transfer aerodynamic and gravitational loads to the generator. These hubs are
either cast-iron or welded steel structures. The direct bearing of blades by generator rotor or hubless configuration is typical
to small-capacity wind turbines. Such a design is proposed for megawatt machines6,8 and is limited to external rotor gener-
ators. All blade loads are directly transferred to the generator rotor structure. Therefore, generator performance sensitivity
to wind conditions may be adversely affected. Prototypes of design are yet to be seen. Most direct-drive generators are
rigidly coupled to wind turbine rotor hubs. Mechanical dampers and fuses in axle/shaft/spindle designs are seldom used.
Such rigid coupling adversely affects the generator structure, its component interface integrity, and its energy conversion
behavior. A turbine-generator coupling utilizing a radial damper in a large diameter machine is investigated.18,24

3. ROTOR AND STATOR STRUCTURES

Generator rotors and stators are assemblies of electromagnetically active and inactive substructures. The active substructure,
i.e., rotor/stator yoke, distributes the magnetic flux and enables the energy conversion within the machine,32–34 whereas the
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inactive substructure supports the active substructure, the active materials (PMs), and the ancillary components.1 In some
generator designs, no distinction between active and inactive substructures exist. Some typical rotor and stator structural
design considerations are as follows:

� Rotor configuration options: inner or outer rotor.
� Diameter-to-length aspect ratio.
� Modular, segmented, or continuous structural design.
� Interfaces with wind turbine rotor and tower.
� Radial support arrangement, e.g., single-sided rotor/stator support.

The typical active substructures design considerations involve the following:

� Permanent magnet energy density governing magnet placement: surface or buried.
� Mounting of conductors and winding type.
� Core material and its geometry.
� Thermal management method and heat exchange components.

The main inactive substructure design requirements concern the following:

� Sufficient stiffness to maintain the design air-gap clearance.
� Safe overall strength to accommodate transient rotor loading.
� Adequate surface area and material thermal properties to assist in generator thermal management.
� Support of artillery components.
� Low mass and transportable size.

3.1. Active substructures

An active substructure consists of material that distributes magnetic flux and houses the active components. Furthermore,
it transfers the mechanical loading, i.e., torque and thermal energy, to the inactive support substructures. The substructure
material type, i.e., laminated35,36 or solid;37,38 geometry, i.e., slotted35,36 or slotless;32,39 and assembly35 affect the gen-
erator energy conversion efficiency-cost ratio,32,39 its force density,40,41 its mass, cooling method,42 and construction, i.e.,
modular.35,43–46

Most rotor/stator active substructures comprise stacked insulated ferromagnetic plates.46 These laminated stacks are
designed with piloting, clamping. and coolant conduit features. The fixed electric steel sheet dimensions lead to segmented
or modular substructure designs (pole pieces). Solid segmented/modular substructures, with or without surface grooves,47

are used if the generator-operating frequency is low. These structures are manufactured from cold-rolled or sintered48,49

steel alloys. The active substructure slot geometries vary in shape and size.35,36 The slotless (in air-gap) substructure design
is typical to air-cored or high-frequency generators.39 In such a design, the conductors are embedded in a non-magnetic
material (glass fiber reinforced epoxy) or clamped to a stator periphery with pole shoes.

The PM energy density governs its placement and component size. This affects the geometry, material mass, and
manufacturing cost of the rotor active substructure. Typically, surface and buried PM (flux concentration) mounting are
performed. The mounting of high-energy magnets to the rotor surface is most popular since less active material of simpler
geometry is required. In general, the total active mass, i.e., substructures and components, accounts for about 20–30%50 of
the generator total mass. The mass is also inversely proportional to the mean air-gap diameter.42 Therefore, the larger the
active substructure volume, the larger the radial load and inactive substructure mass.

3.2. Inactive substructures

Most rotor/stator inactive substructures are thin-walled (0:002Dairgap to 0:005Dairgap), large diameter cylinders of small
diameter-to-length ratios, i.e., Dairgap=l D 0:2 � 0:3, stiffened in the radial direction. Substructures with mean air-gap
diameters less than 4 m (EU) or 5 m (USA) are constructed as continuous (single structure) structures, whereas larger
diameter structures are segmented.1,51 Segmentation ease manufacturability and transportability.

The structural stiffness and the load capacity of segmented structures and interfaces are controlled by manufacturing
tolerances.52 In theory, thermal behavior being excluded, the rotor/stator substructures are designed to limit air-gap defor-
mation to less than 0.1–0.2% of the mean air-gap diameter.5,53 Therefore, these substructures are mainly radially stiffened.
Stiffening is mostly achieved by configuring the structure geometry rather than using stiffer materials, e.g., composites.
Stator/rotor yoke structures are supported in various ways: on a single side (cantilever/Z-profile), in the middle (E-profile),
or on both sides (H-profile). The support configuration depends on whether axle/shaft/spindle bearing support is used.
Typical supporting geometries are simple disks, structural profiled spokes/tension rods, ribs, or support arms.7,50,53–56

Additional stiffening rings or axial ribs may also be incorporated. Simplified rotor/stator inactive substructure geometries
are presented in Figure 5.
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Figure 5. Generator rotor/stator inactive substructure support options.

These stator/rotor substructures are manufactured as either continuous cast-iron or segmented steel weldment
assemblies.1,53 Cast nodular/gray iron allows cheap, simple large diameter structures. Steel weldment assemblies yield
stiffer structures per unit mass at higher costs. Modular designs, i.e., bolted assemblies, that simplify manufacturing have
been proposed and tested.51 Such designs are not commercialized for assembly tolerance management, noise, and vibration
issues are highly complex and expensive to minimize.

4. MOUNTING OF ACTIVE COMPONENTS

Active components are current carrying conductors and PMs. Conductors may be copper, aluminum, or high-temperature
superconductor alloys.57 The mounting of such active components are governed by the electrical and environmental insula-
tions, winding type and insulation, magnet shape (e.g., curved), etc. These active components are manufactured as modular
units to reduce costs and to ease generator assembling.

4.1. Mounting of conductors

Conductors are ductile metals that are unitized as either random or form wounded coils.58,59 The form wound coils,
pressed49 or not, ease assembling. By convention, conductors are secured in stator slots with insulation packing and slot
wedges. Modern insulation systems mostly comprise glass fiber tape bounded in thermosetting epoxies.59 Slot-winding
and end-winding vibration are the major cause of generator failure since loose conductors leads to cracked insulation,
wire abrasion followed by short circuitry. The needed end-winding mechanical support58 is usually accomplished by an
insulated (polyester-epoxy or glass-epoxy) steel bracing ring. Alternatively, a favorable concentrated winding60 may be
used. Winding vibration originates from magnetic-induced forces: F D kI2=d where I is the RMS current and k the slot
fill factor. Interstrand movement and air pockets within windings are omitted with resin vacuum impregnation. Therefore,
insulation systems determine the structural stiffness and thermal energy transfer of windings. Modern generator insulating
materials comprise59 the following:

� Winding wire and conductor insulation.
� Stack consolidation materials.
� Main wall insulation.
� Impregnating resins and varnishes.
� End-winding tapes.
� Slot insulation and wedging.
� Finishing coatings.

The mechanical properties affecting insulation selection are abrasion resistance, stiffness, thermal resistance, and
degradation.
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4.2. PM fixture

Rare earth PMs (NdFeB and SmCo), sintered or bonded, are expensive. Magnet material cost about 10 times higher than
generator active steel/iron.5 Magnet shapes39 and geometric features, e.g., surface grooves,61,62 are optimized to reduce
the needed material and to increase machine performance. Structurally, magnet materials have anisotropic mechanical
properties63 and are brittle and hard. Such properties adversely affect manufacturing and assembly costs. PM energy stor-
age capabilities are sensitive to temperature fluctuations and corrosion (off-shore application). Typically, the maximum
magnet temperature should not exceed 100ıC. Magnet corrosion prevention is achieved by coating it with nickel, tin,
or organic, e.g., Teflon.64 General magnet-to-rotor fixing considerations involve magnet placement, i.e., surface32,39,60

or buried65; magnet thermal management; manufacturing tolerances; and assembling, e.g., automated and magnetization
scheme (pre-assembling or post-assembling).66 Practical magnets fixture are accomplished by67 the following:

� Mechanical fasteners.
� Welding (e.g., laser or tungsten inert gas welding (TIG)).
� Pressure clamping, i.e., potting or pre-machined slots.
� Press fitting.
� Cementing (e.g., cyanoacrylate adhesives).

The advantages and disadvantage of each fixing method are described in ‘Fastening and securing magnets’.67

5. CONCLUSION

The PM-excited radial flux generator powered by a wind turbine is still a custom-built technology. Market share limiting
issues such as cost and mass may be solved by generator component/subassembly standardization. Such is possible if a
modular structural and active component design approach is followed. Furthermore, generator upscaling is constraint by
the available bearing technologies. The industry norm indicates that a direct-driven PM generator, placed in front of tower,
using a single unitized mechanical bearing for rotor load transmission yields a compact, lightweight, and expensive drive
train.

ACKNOWLEDGEMENTS

This work was funded by the Centre of Renewable and Sustainable Energy Studies (CRSES). CRSES is a division of the
South African National Energy Research Institute (SANERI). Web site: http://academic.sun.ac.za/crses/

REFERENCES

1. Bywaters G, John V, Lynch J, Mattila P, Norton G, Stowell J, Salata M, Labath O, Chertok A, Hablanian D. Northern
power systems WindPACT drive train alternative design study report. Technical Report No. NREL/SR-500-35524,
National Renewable Energy Laboratory (NREL), Golden, CO, August 2004. DOI: 10.2172/15007774. [Online].
Available: http://www.nrel.gov/docs/fy05osti/35524.pdf (Accessed October 2010)

2. Shrestha G, Polinder H, Bang D, Ferreira JA. Structural flexibility: a solution for weight reduction of
large direct-drive wind-turbine generators. IEEE Transactions on Energy Conversion 2010; 25: 732–740. DOI:
10.1109/TEC.2010.2048713. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=5484469
(Accessed October 2010)

3. Fingersh L, Hand M, Laxson A. Wind turbine design cost and scaling model. Technical Report No. NREL/TP-
500-40566, National Renewable Energy Laboratory (NREL), Golden, CO, December 2006. DOI: 10.2172/897434.
[Online]. Available: www.nrel.gov/wind/pdfs/40566.pdf (Accessed September 2010)

4. Stegmann JA, Kamper MJ. Design aspects of medium power double rotor radial flux air-cored PM wind genera-
tors. Proceedings of IEEE Energy Conversion Congress and Exposition (ECCE), San Jose, CA, 2009; 3634–3640.
DOI: 10.1109/ECCE.2009.5316257. [Online]. Available: http://ieeexplore.ieee.org.ez.sun.ac.za/stamp/stamp.jsp?tp=
&arnumber=5316257 (Accessed October 2010)

5. McDonald AS, Mueller MA, Polinder H. Structural mass in direct-drive permanent magnet electrical generators. IET
Renewable Power Generation 2008; 2: 3–15. DOI: 10.1049/iet-rpg:20070071. [Online]. Available: http://ieeexplore.
ieee.org/xpl/freeabs_all.jsp?arnumber=4463796 (Accessed October 2010)

468
Wind Energ. 2012; 15:459–472 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/we



J. N. Stander, G. Venter and M. J. Kamper Mechanical design of direct-drive generators

6. Klinger F. Direct drive—the future in wind turbine design (Direktantriebe - Die zukunft der Windkraft).
Technik-Symposium Presentation, Windenergie Forschungsgruppe, March 2010. [Online]. Available: http://www.
wind-energy-research.de/Publikationen/Vortraege (Accessed November 2010)

7. Versteegh JCA. Design of the Zephyros Z72 wind turbine with emphasis on the direct drive PM generator. Presenta-
tion at the IEEE Nordic Workshop on Power and Industrial Electronics (NORPIE), Trondheim, Norway, 2004; 1–7.
[Online]. Available: http://www.elkraft.ntnu.no/norpie/info.html (Accessed September 2010)

8. Theoblad B, Klinger F. New direct drive turbine design using advanced cooling with evaporating CO2. Proceedings of
the 9th German Wind Energy Conference (Deutsche Wind Energie Konference—DEWEK), Bremen, Germany, 2008;
1–4. [Online]. Available: http://www.wind-energy-research.de/Publikationen/Vortraege (Accessed October 2010)

9. Engström S, Hernnäs B, Parkegren C, Waernulf S. Development of NewGen a new type of direct-drive generator.
Proceedings of European Wind Energy Conference and Exhibition, London, UK, 2004; 1–10. [Online]. Available:
http://www.2004ewec.info/files/23_1400_staffanengstrom_01.pdf (Accessed October 2010)

10. Handler D. Investigation on gearless wind turbine generator structures—calculation and optimisation of the 3-
bearing-variants (Untersuchung der Tragstruktur getriebeloser Windkraft-Generatoren - Berechnung und Optimierung
einer 3-Lager-Variante). Diploma Report No.551, Institut für Elektrische Energiewandlung, Technische Universität,
Darmstadt, Germany, 1997.

11. Anonymous. World’s largest wind turbine: generates new large-shaft bearing technology. Power Transmission Engi-
neering Magazine, Goldstein M, Stott RW, McGuinn J (eds). Randall Publishing Inc.: Illinios, 2007; 32–35. [Online].
Available: http://www.powertransmission.com/issues/0207/skf.pdf (Accessed October 2010)

12. Anonymous. Nautilus bearing arrangement solution from SKF compact design reduces weight, energy loss and
maintenance to improve wind turbine reliability. SKF Group Publishing, September 2009. [Online]. Available:
www.skf.com/medialibrary/asset/0901d19680059b (Accessed October 2010)

13. Turi MB, Marks CS. Bearing selection techniques as applied to main-shaft direct and hybrid drives for wind tur-
bines. The Timken Company Publishing, September 2010. [Online]. Available: http://www.timken.com/en-us/about/
NewsRoom/MediaKits/Pages/MediaKits.aspx (Accessed October 2010)

14. Anonymous. Wind energy solutions. The Timken Company Publishing, 2009. [Online]. Available: http://www.timken.
com/en-us/solutions/windenergy/Pages/home.aspx (Accessed October 2010)

15. Yagi S, Ninoyu N. Technical trends in wind turbine bearings. Technical Report Review No. 76, NTN Corporation,
Osaka, Japan, 2008. [Online]. Available: http://www.ntn.jp/english/products/review/pdf/NTN_TR76_en_p113_120.
pdf (Accessed October 2010)

16. Turi MB, Marks CS. Drive-train optimisation removing the guesswork from rotor bearing lifespans. Renewable
Energy World Magazine, Appleyard D, Beattie D, Evans P (eds), Special Supplement: Wind Technology Magazine.
PennWell International Publishers: Essex, 2010; 12–18. [Online]. Available: http://www.renewableenergyworld.com/
rea/magazine/archives (Accessed October 2010)

17. Terrell EJ, Needelman WM, Kyle JP. Tribological challenges to the system. Wind Systems Magazine, Willcutt R (ed.).
Media Solutions Incorporated, 2010; 25–30. [Online]. Available: http://www.windsystemsmag.com/article/detail/71/
(Accessed October 2010)

18. Schweitzer G. Application and research topics for active magnetic bearings. Symposium on Emerging Trends in Rotor
Dynamics, International Union of Theoretical and Applied Mechanics (IUTAM), Indian Institute of Technology, 2009;
1–11. [Online]. Available: http://www.mcgs.ch/web-content/Delhi_IUTAM_Symp.pdf (Accessed October 2010)

19. Wassermann J, Schulz A, Schneeberger M. Active magnetic bearings of high reliability. Proceedings of IEEE Inter-
national Conference on Industrial Technology (ICIT), 2003; 194–197. DOI: 10.1109/ICIT.2003.1290267. Available:
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=1290267 (Accessed October 2010).

20. Chiba A, Fukao T, Ichikawa O, Oshima M, Takemoto M, Dorrell DG. Magnetic bearings and bearingless drives (1st
edn). Newnes: London, UK, 2005.

21. Post RF, Ruytov DD. Ambient-temperature passive magnetic bearings: theory and design equations. Proceedings of
the Sixth International Symposium on Magnetic Bearings. Technomic Publisher Company: Lancaster, PA, 1997; 1–13.
[Online]. Available http://www.osti.gov/bridge/product.biblio.jsp?osti_id=302210, online [October].

22. Schweitzer G, Maslen EH (eds). Magnetic bearings theory, design and application to rotating machinery (1st
edn). Spinger Verlag: Berlin, Germany, 2009. DOI: 10.1007/978-3-642-00497-115. [Online]. Available: http://www.
springer.com/engineering/mechanical+eng/book/978-3-642-00496-4 (Accessed October 2010)

23. Shrestha G, Polinder H, Bang DJ, Ferreira JA. Direct drive wind turbine generator with magnetic bearing. Proceedings
of European Wind Energy Association (EWEA) Offshore Wind Conference and Exhibition, 2007.

Wind Energ. 2012; 15:459–472 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/we

469



Mechanical design of direct-drive generators J. N. Stander, G. Venter and M. J. Kamper

24. Bang D, Polinder H, Ferreira JA, Hong S. Structural mass minimisation of large direct-drive wind generators using a
buoyant rotor structure. Proceedings of the IEEE Energy Conversion Congress and Exposition (ECCE), Alanta, GA,
2010; 3561–3568. DOI: 10.1109/ECCE.2010.5617705. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.
jsp?arnumber=5617705 (Accessed October 2010)

25. Bang D, Polinder H, Shrestha G, Ferreira JA. Possible solutions to overcome drawbacks of direct-drive generator
for large wind turbines. Proceedings of European Wind Energy Conference and Exhibition, Marseille, France, 2009.
[Online]. Available: http://www.ewec2009proceedings.info/proceedings/index.php (Accessed October 2010)

26. Fielder WS. Buoyant rotor. United States Patent, Patent No. US007348686B2, March 2008. [Online]. Available:
http://www.freepatentsonline.com/7348686.html (Accessed October 2010)

27. Engström S, Lindgren S. Design of NewGen direct-drive generator for demonstration in a 3.5 MW wind turbine.
Proceedings of European Wind Energy Conference and Exhibition, Milan, Italy, 2007; 1–10. [Online]. Available:
http://www.ewec2007proceedings.info/index.php (Accessed October 2010)

28. Hernnäs B, Parkegren C, Waernulf S. Direct-drive pilot generator (Direktdriven pilotgenerator). Technical Report No.
02-2181:14, VG Power AB, Västerás, Sweden, 2002. [Online]. Available: http://www.vgpower.com

29. Hasnaoui OB, Belhadj J, Elleuch M. Direct drive permanent magnet synchronous generator investigation. Journal
of Electrical Systems 2008; 4: 1–13. [Online]. Available: www.esrgroups.org/journal/jes/papers/4_3_5.pdf (Accessed
October 2010)

30. Tarimer I, Ocak C. Performance comparison of internal and external rotor structured wind generators mounted from
same permanent magnets on same geometry. Electronics and Electrical Engineering 2009; 92: 65–70. [Online].
Available: http://www.ee.ktu.lt/page.php?215 (Accessed October 2010)

31. Colotti A, Ceol S. High efficiency PM motor with outer rotor construction: a valid alternative to conventional
motor design. Press Release, SERVAX Drives Company. [Online]. Available: http://www.servax.com/news/ (Accessed
October 2010)

32. Grauers A. Design of direct-driven permanent magnet generators for wind turbines. PhD Thesis, School of Electrical
and Computing Engineering, Chalmers University of Technology, Göteborg, Sweden, October 1996.

33. Lampola P. Directly driven, low-speed permanent-magnet generators for wind power applications. In Acta
Polytechnica Scandinavica (Electrical Engineering Series No. 101). Finnish Academies of Techology: Espoo, Finland,
2000.

34. Schneider H, Boldlehner H, Hartkopf T, Hagenkort B, Henschel M, Jöckel S. Development of an extremely com-
pact 1.5 MW direct drive permanent magnet generator system using finite elements, Proceeding of the European
Wind Energy Conference and Exhibition, Copenhagen, Denmark. DOI: 10.1016/S0167-6105(01)00222-7. [Online].
Available: http://www.ewea.org/index.php?id=819 (Accessed September 2010)

35. Pyrhonen J, Jokinen T, Hrabovcova V. Design of Rotating Electrical Machines. John Wiley and Sons: Hoboken, NJ,
2008.

36. Boldea I. Synchronous Generators (1st edn), The Electric Generators Handbook. CRC Press, Taylor and Francis
Group: Florida, 2006.

37. Jassal A, Polinder H, Lahaye D, Ferreira JA. Comparison of analytical and finite element calculation of eddy-
current losses in PM machines. XIX International Conference on Electrical Machines (ICEM), Rome, Italy, 2010;
1–7. DOI: 10.1109/ICELMACH.2010.5607907. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?
arnumber=5607907 (Accessed October 2010)

38. Polinder H, Hoeijmakers MJ, Scuotto M. Eddy-current losses in the solid back-iron of PM machines for differ-
ent concentrated fractional pitch windings. Proceedings of the International Electric Machines and Drives Con-
ference (IEMDC), Antalya, Greece, 2007; 652–657. DOI: 10.1109/IEMDC.2007.382744. [Online]. Available: http:
//ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=4270717 (Accessed October 2010)

39. Dubois MRJ. Optimised permanent magnet generator topologies for direct drive wind turbines. PhD Thesis, Technical
University Delft, Delft, The Netherlands, 2004.

40. Grauers A, Kasinathan P. Force density limits in low-speed pm machines due to temperature and reactance. IEEE
Transactions on Energy Conversion 2004; 19: 518–525. DOI: 10.1109/TEC.2004.832059. [Online]. Available: http:
//ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=1325289 (Accessed October 2010)

41. Kasinathan P, Grauers A, Hamdi ES. Force density limits in low-speed permanent-magnet machines due to saturation.
IEEE Transactions on Energy Conversion 2005; 20: 37–44. DOI: 10.1109/TEC.2004.837302. [Online]. Available:
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=1396080 (Accessed October 2010)

470
Wind Energ. 2012; 15:459–472 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/we



J. N. Stander, G. Venter and M. J. Kamper Mechanical design of direct-drive generators

42. Jöckel S. Calculation of different generator systems for wind turbines with particular reference to low-speed
permanent-magnet machines. PhD Dissertation, Elektrotechnik und Informationtechnik, Technischen Universität
Darmstadt, Darmstadt, Germany, May 2003.

43. Heier S. Grid Integration of Wind Energy Conversion Systems (2nd edn). John Wiley and Sons: Sussex, 2006. URL
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470868996.html (Accessed October 2010)

44. Spooner E, Williamson A. Modular, permanent-magnet wind-turbine generators. Conference Record of the
1996 IEEE Industry Applications Conference, 31st IAS Annual Meeting, San Diego, CA, 1996; 497–502.
DOI: 10.1109/IAS.1996.557073. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=557073
(Accessed October 2010)

45. Spooner E, Williamson AC, Catto G. Modular design of permanent-magnet generators for wind turbines. IEEE
Proceedings, Electric Power Applications 2002; 143: 388–395. DOI: 10.1049/ip-epa:19960434. [Online]. Available:
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=543632 (Accessed October 2010)

46. Williamson AC, Spooner E, Thompson L. Large modular PM generators. IEE Colloquium on New Topologies for Per-
manent Magnet Machines (Digest No: 1997/090), London, UK, 1997; 4/1–4/6. DOI: 10.1049/ic:19970521. [Online].
Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=643629 (Accessed October 2010)

47. Wills DA, Kamper MJ. Analytical prediction of rotor eddy current loss due to stator slotting in PM machines.
Proceedings of the Energy Conversion Congress and Exposition (ECCE), Atlanta, GA, 2010; 992–995. DOI:
10.1109/ECCE.2010.5617876. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=5617876
(Accessed November 2010)

48. Yamagishi W, Hashimoto K, Sato T, Ogawa S, Henmi Z. Magnetic properties of Fe-Co alloys produced by powder
metallurgy. IEEE Transactions on Magnetics 1986; 22: 641–643. DOI: 10.1109/TMAG.1986. [Online]. Available:
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=1064426 (Accessed October 2010)

49. Jack AG, Mgrain orientatedecrow BC, Dickinson PG, Stephenson D, Burdess JS, Fawcett JN, Evans T.
Permanent magnet machines with powdered iron cores and pre-pressed windings. Conference Record of
the 1999 IEEE Industry Applications Conference, 34th IAS Annual Meeting, Phoenix, AZ, 1999; 97–103.
DOI: 10.1109/IAS.1999.799934. [Online]. Available: http://ieeexplore.ieee.org.ez.sun.ac.za/stamp/stamp.jsp?tp=
&arnumber=799934 (Accessed August 2010)

50. McDonald AS. Structural analysis of low speed, high torque electrical generators for direct drive renewable energy con-
verters. PhD Dissertation, School of Engineering and Electronics, University of Edinburgh, Edinburgh, UK, December
2008.

51. Gordon P. Aspects of, and new approaches to, the design of direct drive generators for wind turbines. PhD Dissertation,
New and Renewable Energy Group, School of Engineering, University of Durham, Durham, UK, 2004.

52. Chin YK, Kanninen P, Maki-Ontto P, Sakki R, Lendenmann H. Phenomenon of magnetic force in permanent mag-
net wind turbine generators. Proceedings of International Conference on Electrical Machines and Systems (ICEMS),
Tokyo, Japan, 2009; 1–6. DOI: 10.1109/ICEMS.2009.5382708. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.
jsp?arnumber=5382708 (Accessed October 2010)

53. Hartkopf T, Hofmann M, Jöckel S. Direct-drive generators for megawatt wind turbines. Proceedings of
the European Wind Energy Conference and Exhibition, Dublin, Ireland, 1997; 668–671. [Online]. Available:
Direct-drivegeneratorsformegawattwindturbines (Accessed October 2010)

54. Mueller MA, McDonald AS. A lightweight low-speed permanent magnet electrical generator for direct-drive wind
turbines. Wind Energy 2009; 12: 768780. DOI: 10.1002/we.333. [Online]. Available: http://onlinelibrary.wiley.com.
ez.sun.ac.za/doi/10.1002/we.333/pdf (Accessed October 2010)

55. Zavvos A, McDonald AS, Mueller M. Electromagnetic and mechanical optimisation of direct-drive generators for
large wind turbines. Proceedings of the 5th IET International Conference on Power Electronics, Machines and Drives
(PEMD 2010), Brighton, UK, 2010; 1–6. DOI: 10.1049/cp.2010.0066. [Online]. Available: http://ieeexplore.ieee.org/
xpl/freeabs_all.jsp?arnumber=5523825 (Accessed October 2010)

56. Poore R, Lettenmaier T. Alternative design study report: WindPACT advanced wind turbine drive train designs
study. Research Report, NREL/SR-500-33196, NREL, Golden, CO, August 2003. DOI: 10.2172/15004456. [Online].
Available: http://www.nrel.gov/docs/fy03osti/33196.pdf (Accessed October 2010)

57. Lewis C, Müller J. A direct drive wind turbine HTS generator. IEEE Power Engineering Society General Meeting,
Tampa, FL, June 2007; 1–8. DOI: 10.1109/PES.2007.386069. [Online]. Available: http://ieeexplore.ieee.org.ez.sun.
ac.za/xpls/abs_all.jsp?arnumber=4275835 (Accessed October 2010)

Wind Energ. 2012; 15:459–472 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/we

471



Mechanical design of direct-drive generators J. N. Stander, G. Venter and M. J. Kamper

58. Stone GC, Boulter EA, Culbert I, Dhirani H. Electrical Insulation for Rotating Machines—Design, E valuation, Aging,
Testing and Repair, IEEE Press Series on Power Engineering. John Wiley and Sons: Hobooken, NJ, 2004. DOI:
10.1002/047168290X.

59. Bruetsch R. Insulating systems for wind turbine generators. INDUCTICA Technical Conference on Coil Winding, Insu-
lation and Electrical Manufacturing Exhibition (CWIEME), Breitenbach, Switzerland, 2004; 1–5. [Online]. Available:
http://www.vonroll.com/downloads/ISWTG.pdf (Accessed October 2010)

60. El-Refaie AM. Fractional-slot concentrated-windings synchronous permanent magnet machines: opportunities and
challenges. IEEE Transactions on Industrial Electronics 2010; 57: 107–121.

61. Huang WY, Bettayeb A, Kaczmarek R, Vannier JC. Optimization of magnet segmentation for reduction of
eddy-current losses in permanent magnet synchronous machine. IEEE Transactions on Energy Conversion 2010;
25: 381–387. DOI: 10.1109/TEC.2009.2036250. [Online]. Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?
arnumber=5378552 (Accessed October 2010)

62. Sergeant P, Van den Bossche A. Segmentation of magnets to reduce losses in permanent-magnet synchronous
machines. IEEE Transactions on Magnetics 2008; 44: 4409–4412. DOI: 10.1109/TMAG.2008.2001347. [Online].
Available: http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=4717644 (Accessed October 2010)

63. Campbell P. Permanent Magnet Materials and Their Application. Cambridge University Press: Cambridge, 1996.
64. Anonymous. Design guide. Total Magnetic Solutions online-library. [Online]. Available: http://www.magnetsales.

com/Design/DesignG.htm (Accessed October 2010)
65. Rahman MA. Advances of interior permanent magnet IPM wind generators. Proceedings of International Conference

on Electrical Machines and Systems (ICEMS), 2008; 2228–2233. [Online]. Available: http://ieeexplore.ieee.org/xpl/
freeabs_all.jsp?arnumber=4771119 (Accessed October 2010)

66. Hsieh MF, Hsu YC, Dorrell DG. Design of large-power surface-mounted permanent-magnet motors using postassem-
bly magnetization. IEEE Transactions on Industrial Electronics 2010; 57: 3376–3384.

67. Anonymous. Fastening and securing magnets. Magnetic Component Engineering (MCE) Company, 2009. [Online].
Available: http://www.mceproducts.com/knowledge-base/article/article-dtl.asp?id=22 (Accessed October 2010)

472
Wind Energ. 2012; 15:459–472 © 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/we


