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Aspects of, and New Approaches to, the Design
of Direct Drive Generators for Wind Turbines

Paul Gordon

A bstract

This thesis investigates the design and construction of permanent magnet direct
drive generators for large wind turbine applications. Present generator structures
are large diameter to give a reasonable airgap speed, and are strong enough to with-

stand substantial airgap magnetic forces. This can result in large, heavy and costly

direct drive machines.

The eftect of the build up of tolerances on the balance of magnetic forces in a direct

drive double airgap machine is investigated.

Two main approaches to the design and construction of these machines are proposed
and considered. The Segmental Electrical Machine (SEM) combines modularity and
the use of laser cut plate to reduce manufacturing cost and improve transportation
for an iron cored direct drive machine. The Spoked Lightweight Machine (SLiM)
uses a lightweight structure and an ironless stator, with less serious magnetic force

issues, to give drastic reductions in weight.
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Chapter 1

Introduction

1.1 Wind Power

The use of wind turbines to produce electricity is seen as a remedy for a wide range
of electricity related issues including concerns about operational safety and waste
disposal of nuclear power, man-made climate change (the 'Greenhouse Effect’) and
the Kyoto agreement, local air quality issues, fossil fuel depletion, energy security
of supply, and the catch-all, ‘sustainability’.

Whatever the details that define it, and including consideration of various lim-
iting factors, be they economic, technical or environmental, the global potential for
electricity production from wind turbines is huge. Both on-shore and oft-shore wind
energy potentials are of the order of current world energy consumption.

Wind turbines installed to date capture only a tiny fraction of this potential,
although the industry is expanding quickly. During 2002, global installed capacity
grew by 30% to 32GW [1], nearly exclusively on-shore. Most development is taking
place in Europe, where off-shore is receiving a lot of interest. Already several pilot
off-shore farms have been operating for several years, and in the UK, with some of
the best off-shore and on-shore wind resources and other favorable factors, an initial

13 sites are being licensed in English and Welsh waters totalling 1.0GW capacity

2]

1.2 Wind Turbine Technology

Windmills have been used for thousands of years and originate from the Near and
Middle East. More than 200,000 wooden-sailed horizontal axis windmills were con-

structed in North-West Europe prior to the Industrial Revolution. and in the USA




eight million wind pumps had been installed by the end of the 1930s. The first sig-
nificant use of wind turbines for electricity generation was the installation of around
15,000 wind turbines in California during the first half of the 1980s, and since then
there has been growth of wind turbine use in many parts of the world.

There are a multitude of designs for wind machines and for modern wind turbines
Including Darrieus, Savonius, H-VAWT, V-VAWT (all vertical axis machines), multi-
rotor concepts (ie shared tower), diffuser-concentrators, and horizontal axis machines
with any number of blades from 1 upwards. The vast majority of commercial designs
have been 3 bladed, upwind, geared, horizontal axis machines, although direct drive
machines are capturing significant market share at present. Wind turbine size has
grown very quickly, from around 50-100kW during the early 1980s to 200kW in the
early 1990s, to 3SMW and beyond nowadays. These largest machines are partly being

developed with the off-shore market in mind.

1.3 Direct Drive

The first commercial wind turbines used electrical generators that were simply
adapted from the designs that existed for other applications. As the wind industry
grows, generators are evolving in order to meet the specific demands ot the sector.
One major shift in generator design has been from geared (high speed) to direct
drive (low speed).

Direct drive generators have an increased radius to gain the benefits of a higher
airrgap speed, and a decreased axial length. They tend to have a high level of
integration with the hub structure that supports the wind turbine blade roots.

Direct drive wind turbine systems have been very successful to date. For example
Enercon, a German manufacturer of direct drive wind turbines systems, has had a
considerable portion of market share in recent years. However, as wind turbines scale
up to multi-MW sizes, direct drive generators are becoming exceptionally heavy and
large, leading to problems during construction, transportation and installation, and
impacting on the rest of the wind turbine structure due to their contribution to
tower top weight.

Enercon’s larger wind turbines are good examples of the state of the art for multi-
MW sizes. Their 2MW E66 wind turbine has a 5m diameter direct drive generator
with it’s rotor integrated into the turbine rotor hub. There are no published figures
on the generator weight alone, but the nacelle weight is 95t which is 50% more than

geared machines of the same power ratings. The generator weight alone has been
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estimated to be 70t |3|, which can be compared with the 25t geared generator of
the NEG-Micon 2.75MW wind turbine. Enercon has been testing it’s 4.5MW E112
wind turbine for some time now. The generator is 10m diameter, and the tower top
welght 1s 500t. However, this is rumoured to be a derated 6MW machine. Another
example of a large direct drive generator is the one for the (almost) commercial
Zephyros 1.5MW Z72. The generator 1s 4m diameter and weighs 50t.

With the scaling up continuing past these existing sizes, construction of these
large machines would require high roofed workshops and large capacity cranes, lim-
iting the use of existing fabrication facilities due to these specialised requirements,
and would likely result in new dedicated manufacturing and assembly plant. Any
design where the coils need installing on the machine before vacuum-impregnation
then requires a huge vacuum impregnator, such as that employed by Enercon.

Transportation requires good factory site access, special transport vehicles, police
escort, road closures, and journey distances many times the straight line distance.
For off-shore, land transportation could be avoided by manufacturing/assembling
on the dock side, but this has obvious drawbacks. From the dock to the oft-shore
site in general the bigger the component, the more expensive the vessel required to
shift it, and the bigger the crane required to load it. Furthermore, the majority of
generators built would be for export and shipping overseas is a complex and costly
operation unless the parts can be fitted into a standard container.

Generally, large cranes have been used to lift the complete tower head assembly
onto the top of the tower. On-shore, this requires strong access roads on the site.
Off-shore, due to the swell, the top of a crane on a floating vessel would sway too
much to be useful, so the vessel has legs to the seabed that it jacks itselt up onto.
Over the last few years there has been a move towards using cranes mounted on the
wind turbine tower top to winch tower head components up eg Zephyros 472.

Zephyros has also limited it’s generator diameter to 4m specifically to aid trans-
portation, whilst Enercon has designed the 4.5 MW E112 generator to allow splitting
into quarters for transportation and lifting.

It is normal practice to cast, then machine, the structural components ot smaller
electrical machines, but this would not be possible at these sizes due to cost of
machine tools capable of large diameters. A standard solution to this seems to
be to precisely weld the structures together. It is important to note that whilst
the large diameter of these generators leads to increased structural weight, it is the
strength requirements at this diameter which leads to the large weight. Setting aside

strength requirements due to integration with the rotor hub, the strength is required
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to withstand the magnetic forces, both torque-producing and airgap-closing forces
due to the stator and rotor iron circuit, the latter being a significant factor.

Whilst some of these issues are affected by other aspects of the wind turbine
system, the majority lead to costs that will be reflected in the final price of the
generator, and in turn to the energy produced.

Finally, for permanent magnet machines with stator and rotor iron. of these
huge sizes, rotor threading is a hazardous procedure due to the huge attractive
forces present when a complete permanent magnet rotor is presented to a complete

stator.

1.4 Scope of Thesis

Chapter 2 reports on the Segmental Electrical Machine, a novel method of con-
structing direct drive wind turbine generators, which combines modularity and the
use of laser-cut plate in order to reduce manufacturing cost and improve transporta-
tion. The work resulted in the successtul demonstration of an early-stage design with
tolerance variation investigated. It showed the structural strength, and therefore
welght, impacts of the airgap closing force, and highlighted the practical problems
of creating a constant airgap length when building a machine of this design. These
variations in airgap length will lead to the airgap closing forces varying around the
machine, exacerbating structural problems. The work involved examination of laser
cut plate to establish cutting accuracy and other characteristics, the building of two
small rigs to test and compare possible design features and the build-up of toler-
ances, a plywood prototype to test further design features and finally a 2 metre
diameter prototype, which was rotated using a drive motor, to check on tolerances,
strength and vibration.

Chapter 3 investigates one possible solution to the generator strength and weight
issues which is the use of a double sided airgap so that the magnetic forces cancel.
However, experimental work on this arrangement shows that tolerances create large
Unbalanced Magnetic Pull (UMP). The test rig uses an arrangement of spring bal-
ances and weights to measure and counterbalance the UMP present when a linear
section of rotor is moved off-centre from a pair of linear steel stators. The magnetic
forces are calculated using Biot-Savart, combined with the method of images.

In Chapter 4 a radical departure from existing designs of direct drive generator
is proposed in the form of the Spoked, Lightweight, Machine structure. named

SLiM, used in conjunction with an ironless stator electromagnetic topology. General
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design 1ssues are discussed, and calculation techniques are developed to allow a

design study in Chapter 7. Without an iron stator the magnetic field is no longer
channelled around the coil region, and so the coil current is in the full magnetic field,
resulting in various electromagnetic forces. The general characteristics of these forces
1S Investigated here. Due to the novelties of SLiM, there is little literature available.

Chapter 5 presents a novel 3D analytical solution to the field of an ironless
stator PM machine, as the 2D solution cannot take account of edge effects which are
important in axially short machines. This 3D solution is validated by experimental
work which includes variation of magnet thickness, magnet pitch and rotor iron edge
effects.

Chapter 6 describes the SLiM1 prototype, and presents calculations developed to
model 1t’s electro-magnetics. SLiM1 is a simple demonstration machine built partly
from bicycle wheel components, with coils fitted and rectified in pairs onto a DC
bus. Open circuit voltage and coil inductance are measured, and models developed
for both. Power tests are conducted. Airgap tolerances are measured, and their

influence on machine performance examined.

Chapter 7 presents a case study for a 2MW machine, where basic parameters of

two alternative SL1IM designs are calculated.



Chapter 2

Segmental Construction of an

Electrical Machine

A design and construction scheme was devised which addresses some of the prob-
lems of building direct-drive wind turbine generators by taking the modular electro-
magnetic approach of [4],[5] and extending it into the structural design, called the
Segmental Electrical Machine [6|, {7]. The aim of the work was to show that the
use of accurately laser-cut flat plates can form the basis for the construction of a
dynamic structure. Laser-cut plate is available in ever increasing thicknesses at low
cost, and can be ordered and delivered in a few days, and bolted together to form the
machine. Consequently, machine tools of extremely large capacity are not essential
for the construction of the very large diameter generators required. Furthermore,
it is possible to design the machine so it can be split into subassemblies for ease of
transportation and installation, being reassembled at a convenient location eg on-
site, or perhaps at the tower top, thereby avoiding many of the problems outlined in
section 1.3. These two themes, of segmental construction and use of laser cut plate,
were focussed on, so no magnetic analysis was undertaken. Also, partly as no coils

were fitted to the stator structure, mechanical resonances were not investigated.

2.1 Modular Electromagnetic Construction

Fig.(2.1) shows the modular construction of the electromagnetic generator parts,
previously developed at Durham, which allows a large proportion of the generator
to be constructed from smaller modules. It’s advantages over conventional designs
include ease of construction, low maintenance, size and weight. 1he modules can

be used to construct a whole range of generator sizes. This modular concept can be
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Figure 2.1: Modular Construction

used on the largest forseeable wind turbine generator sizes.

The modular concept demonstrates that it is possible to build the electromag-
netic parts of a machine from discrete components, but the structural members of
the generator are still machine diameter in size. However, the modular concept can

be extended into the structural elements, using segmental construction.

2.2 Segmental Construction of Modular Machines

In designing a large generator to be assembled from a number of subassemblies, the

following practical mechanical details must be considered:

e Design for assembly from parts which can be made by laser cutting

e Design for ease of assembly at the foot of the tower or, preferably, after lifting
e The accumulation of tolerances leading to random errors in the airgap

e The overall structural stiffness in resisting the airgap forces

e Magnetic forces during assembly between adjacent subassemblies
e Magnetic forces during transportation

('



e The integrity of subassemblies during transit

The electromagnetic performance is likely to be affected by leakage reactance
changing with airgap variation and any magnetic discontinuities caused by the gaps

between the laser-cut segments. There are various possible schemes to construct

and ship the sections of machine, eg:

(1). Simply get all the parts manufactured, packed up, and assemble completely

at the tower head,on-site or near-site.

(ii). Build up the complete machine in the factory, then split up into segments of

stator and segments of rotor for shipping

(iii). Same as (ii) but with segments of combined stator and rotor.

Scheme (i) would create a huge amount of assembly out of the workshop environ-
ment, and with hundreds of small parts, and many more bolts. This would also be
an issue for QA and machine testing. Schemes (ii) and (iii) involve some duplication
of effort ie building up completely, splitting into segments, and then re-combining
on/near site. Scheme (iii) was chosen because the rotor segment fits nicely into the
stator segment, and the airgap is kept intact with magnets on one side and Ecores
on the other. This almost completely contains the very large magnetic forces from
the permanent magnets, which would cause large problems for transportation and
re-assembly, without the need for adding magnetic keepers. Separating the two for
transportation and then recombining would lead to similar problems as encountered
with rotor threading.

The structural topology of most proposed types of direct drive generator uses
a stator supported in a single bearing cantilever fashion which is believed to be
necessary to reduce machine length and complexity, so this feature was adopted
for the segmental machine. This is particularly vulnerable to distortion due to the
attractive force across the airgap. This force is aftected by the tolerance of the
airgap.

At the time of the work, large hydro-electric generators were the only genera-
tors known to the author that are constructed and shipped in several parts, to be

combined during installation. These correct the airgap length using shims.



2.3 Laser-Cut Plate

At the time of the work, laser cutting was possible from the supplier for plate up
to 20mm thick and routinely up to 12mm, in sheets up to 2m x 3m. It competes

with a variety of other processes depending on the type of material, tolerance and-

or cut quality required and thickness of material. Important characteristics for this

application of laser cut plate are the:

e Tolerance of the cut, as this affects airgap tolerance

o Squareness of the cut. If the profile through the plate is too steep there is a

possibility of local yielding, and joints would become less stiff, affecting the
ability of the structure to resist the magnetic forces

e In-and-out-of-plane distortions, mainly from stress releases from the original

cold rolling of the steel. These can create assembly problems and distortions

in the assembled machine, the latter increasing tolerances.

(General tolerances from the supplier for mild steel of various thickness’ are pre-
sented in the table within Fig.(2.2). To examine squareness of cut, samples were
mounted on a machine tool travelling table and a dial indicator was run over the
cut surface at two positions on each sample, see Fig.(2.2). To examine distortion,
two thin rings of 10 and 15mm thick plate and about 300mm diameter were laser
cut, and then cut through at one point. This sample shape is considered to be the
worst possible case. In-plane distortions were up to 3mm for both 10mm and 15mm

thick, and up to 1.4mm/2mm for out-of-plane distortions for 10mm /15mm thick.

2.4 Tolerance Chains

Examination of the tolerance chain within a design can show the worst case situation.
Consider an existing commercial machine, the 2MW DD-WTG Enercon E-66, which

has a generator diameter of about 5m and an airgap length of about 0.6m. Taking
account of the maximum plate size of 2m x 3m mentioned previously it would be
possible to build this diameter machine from 8 segments, each comprising 2 layers
of plates in the radial direction with, for example, 20mm thick plate. If e, the
tolerance of each plate, is +0.5mm, then the airgap tolerance is 4e(1 + b/a), the
cantilever design amplifying the stator tolerances and being responsible for the b/a

part. see Figure 2.3. Therefore for tolerance purposes a should be large. Large a
9
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also decreases the radially-inwards force pressing on the inner stator plates from the
airgap closing force. This is completely opposite to the desire for slim machines
which need shorter and lighter shafts and give less bending moment to the tower.

There are several possible strategies to alleviate tolerances:
(1). Pre-selection of matched component sets for each segment
(i1). Use shims or some other adjustment mechanism

(iii). Reject components with tolerance outside a more restrictive band

(iv). Edge grind components after laser-cutting

(i) would require holding a lot of stock, and additional labour, (iii) would be

inefficient use of material, and (iv) would be labour intensive, therefore (ii) is the

most appealing.

2.5 Test Machines

Various machines have been constructed, all based on the existing rotor and stator

modules, see Fig.(2.4).

aluminium bar to attach

Magnet Module

Ecore P_d_o_d_yle

mock flux concentrator ferrite magnet

Figure 2.4: Stator and rotor modules
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Figure 2.5: LP1
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2.5.1 1st Linear Prototype (LP1)

In previous work, mounting single Ecore modules onto single cylindrical beams had
been problematic due to twisting from the magnetic forces which caused variation
of the airgap, so a new paired design was tried, which coupled two Ecores and 2
mounting beams together, see Fig.(2.5). The machine was linear partly for simplic-
ity, but mainly so that an available travelling carriage could be fitted. Instead of the
rotor rotating on a circular machine, the travelling carriage was fitted to stationary
rotor plates. Magnets were then added to the carriage, which could be wound past
the stator to test how the Ecore module pairs resisted the magnetic forces. Both
stator and rotor plates were fitted to large tubes in place of a hub/shaft. The stator
laser-cut plates had cut-outs to fit the beams into, cover plates to go over the beams
and holes for the clamps. Each of the two stator layers was made from a double layer
of 6mm plate because thicker plates had a less square cut, and it was unclear at this
stage how stiff the stator would be when resisting the magnetic airgap-closing force.
Extensive measurements were made of the machine in the manner of a tolerance
chain, but vertical movement on the travelling carriage running rails was discovered
at a later date, invalidating much of it. However, the remaining valid data indicated

tolerances depended partly on the fitting of the beams.

2.5.2 2nd Linear Prototype (LP2)

The 2nd machine used skimmed, and therefore more accurate, beams to isolate
errors due to the laser cutting, and single layers of 6mm plate which proved to be
stiff enough. Various design alterations were tried, and then measurements were
made at 3 places on the machine to see their effect on tolerances, see Fig.(2.5) to
see the location of these dimensions on the machine. Dimension A includes errors
from stator plates, cantilever effect, rotor plates and the Ecore assembly. Dimension
B is the same but without Ecore assembly errors. Dimension C has only the stator
plate errors. Results are shown in Fig.(2.6) on which the vertical bars show standard
deviation. The starting setup was with stator plates 55mm apart, with both tront
and back beam covers fitted and uncut, and with ‘loose’ bolts.

The tolerance chain approach of Section 2.4 can be adapted for 6mm plate and
only one layer of plate for comparison with the measurements, see Table (2.1).
Several samples of dimension C are seen to be greater than the worst case calculated
in the tolerance chain, all the remaining measurements at A, B, C are well within

these bounds. Of note is that the measured dimensions are generally below the
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dimension, mm

Dimension C, nominal=297.1mm

Figure 2.6: Factors aftecting tolerance in LP2
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nominal, which might be due to the laser-cut plates being generally smaller. This
raises turther questions about the nature of the laser-cutting errors-they don’t appear
to be random on a point to point basis. Errors decrease when the stator plates are
moved apart, In agreement with tolerance chain arguments. Bolt tension in the
beam clamps had a big effect, so the next machine had oversized cut-outs to help
the beams to seat at the bottom of the cut-outs. Again, the travelling carriage error

stopped airgap measurements at this stage.

stator spacing Tolerance, +/-mm
Dimension A | Dimension B | Dimension C

515 2.0 2.4 0.2
150 1.3 1.1 0.2

Table 2.1: Tolerance chain results for LP2

2.5.3 Fishplates and Splitting the Machine

Fig.(2.7) shows various features of this stage of the work. LP2 was dismantled
and all the LP2 plates were cut down the middle, so the machine had two halves.
Then it was rebuilt with fishplates connecting the various plate-halves together. If
the airgap were packed, fishplates unbolted from one set of plates, and the clamps
undone from the shaft, then that half of the machine would be free to be litted away:.
However, without the support of the shaft, the segment would distort. Therefore,
a replacement for the shaft was required, to be fitted before splitting started. T'wo
different approaches were tried, one using pairs of opposing stepped dowels, the other
using large studding and nuts. Access to inner surfaces ot the machine for splitting
the segments is a problem, so the fishplates on the outer plates had clearance holes
for an extended Allen key to unbolt the fishplates on the inner plates. The rotor
plate design was tested at this stage, by machining the features required for magnet
module mounting. This allowed measurement of the airgap tolerance, with a mixture

of laser cut and machine cut in the machine. The airgap had a range of 2.7-3.4mm.

from a nominal of 3min.
Welded nuts were discarded from the fishplate design due to concerns about

stress build up during welding for a practical machine, and holes in the fishplates

were discarded because of weakness concerns. Opposing dowels were discarded as
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- access holes

Figure 2.8: Wooden mock up of circular prototype

a clamping system because it required large, weakening, holes at one end of the
machine, and careful machining of dowels to fit laser-cut holes. Also, plates were

not fully constrained at the dowel step, which could lead to small distortions making

refitting difficult.

2.5.4 Access for Splitting Machine

Instead of welded nuts and clearance holes in the fishplates, clearance holes large
enough for hands and spanners could be put in the main plates to gain access to the
internal surfaces. These holes are required for all 3 actions: fitting of the clamping
system, unbolting from the shaft, and unbolting from the adjoining segments. A
wooden mockup based on the design for the 2m diameter circular prototype was
built, and a trial run performed, to identify where holes are needed in the plates to
allow access, see Fig.(2.8).To undo the two innermost layers, fishplates with tapped

bolt holes were spot welded to the far side of the plates so no access was required.
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Figure 2.9: Segment of circular prototype

2.5.9 Circular Prototype

Fig.(2.9) shows the final design for the circular prototype. It was designed to be of
sufficient scale to bring out the problems likely to be encountered in practice. A rotor
diameter of approximately 1.6m was chosen corresponding to a pole number of 108
with 56 Ecore modules, and was large enough to allow holes in the machine plates for
hands and tools. No windings were fitted since the porpoise was simply to explore
the problems of assembling the structure, but if there were the machine would be
approximately 80kWe @ 50 rpm. From experience of the previous prototypes, a
stator plate spacing of 150mm was chosen, with which a nominal airgap of 3mm
was aimed for. Seamless, high quality, thick wall tubes were used to eliminate
tolerance contributions and deflections from them. The rotor magnet modules gave
a flux density of 1.1 T in the airgap. The radial force due to this flux density at
open circuit is approximately 280 kN/ m*. With coils fitted, the machine would
have weighed 1,300kgs, of which 25% is magnets (which would be considerably less
with neodymium magnets), a further 20% is laminations and coils, and 30% is
beam weight, although the beams were oversized and would not weigh as much in

a commercial machine. The remaining 25% is laser-cut plates and fishplates, Ecore
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hangers, clamps ad bolts. The hub/shaft components are not included.

2.9.6 Assembly Procedure

The laser cut rotor and stator sector plates were assembled onto the machined collars
with little difficulty. Generally, a little movement was possible at the bolted joints
prior to tightening. This was inevitable, as bolt holes needed to be slightly oversized
to guarantee a fit with the tolerances of laser cut plate. In practice this movement
proved to be an advantage, allowing small adjustments to the plates.

Addition of the first few magnet modules to the rotor was proving dithcult due
to the magnetic forces between adjacent modules and also the plates. Some simple
Jigs were made, see Fig.(2.10), which transformed the task into a relatively easy
one. l'he brass 'blank’ module and 2 smaller brass side pieces were used to guide
the module being added into the correct position. Magnetic keepers significantly
reduced the forces present, with handles for manoeuvring and access slots to add
the fixing bolts through.

During addition of the final E-core modules to the stator, the innermost upper
stator plate buckled, closing the airgap. A set of 10mm thick plates was ordered for
this layer, to replace the original 6mm plates. Various features on these plates were
opened out a small amount to take account of the change in quoted tolerance of the
laser cutting from £+ 0.2mm to + 0.3min.

A dial gauge was used to fit the plates and get them as concentric as possible,
although this did not give an absolute measurement of the radius being adjusted.
During fitting of the stator plates, the dial gauge was used on the outside edge of the
lower plates which were adjusted to minimise eccentricity, then this was repeated
for the upper plates. This resulted in a radial variability of less than 0.4mm for all

stator plates, upper and lower.
The beams were then added without the Ecore modules, so that the structure

had maximum stiffness before adding the Ecores and hence applying magnetic forces.
Measurements were taken of the radial distance from a selection of the magnets on
the rotor to the bottom of the beams on the stator. This showed that eccentricity
in the rotor at the airgap was 4+ 0.5mm, and eccentricity of the stator and beams
at the airgap was also £ 0.5mm. Both these eccentricities were centered around the
nominal. For comparison, a tolerance chain analysis gives stator tolerance, (axially
half way along the airgap) of +1.7mm, and for the rotor, +0.4mm. These two

combined, plus Ecore hanger tolerance of £0.2mm gives an expected worst case
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tolerance at the airgap from laser-cutting errors of +2.3mm.

T'he E-core pairs were added one-by-one evenly around the stator, but as this
progressed the airgap started to decrease until in places it closed. To correct this.
shims were placed in the beam cut-outs on the inner stator plate to pack the beams
up. This was successful in roughly controlling the airgap sizes. but at the same time
the airgaps were found to alter over time. The airgap size after shimming settled to
be In the range 1.8-4.5mm (3mm nominal). The machine was driven up to 50 rpm

(open circuit, as there were no coils fitted) and ran successtully.

2.6 Discussion & Conclusions

This work on a combined segmental and modular design has demonstrated the
principal of assembling large electromagnetically modular generator structures from
accurately laser-cut plate, avoiding the need for large diameter machine tools and
for transport and lifting of the complete machine. Connecting the segments together
using fishplates has proved successful, and access for splitting via large holes in the
malin plates has proved practicable. On LP2, two approaches were tested for the
clamping and stiffening of the separated segments, and both worked well, although
the studding approach is preferable. Airgap tolerances on the LP2 prototype were
acceptable and generally much less than the tolerance chain worst case analysis, and
this is also true on the circular prototype until the addition of the Ecores. Shimming
of the beams on the circular prototype allowed a reasonable airgap to be maintained.
The airgap shrinkage and drift over a few days afterward is of concern. One possible
cause is a multitude of mechanical degrees ot freedom from the design of the joints
between the beams and the stator plates. Another could be that the 6mm plates
were not stiff enough. Further work would probably solve these issues.

The problems encountered during assembly are greatly amplified by the use of
a, cantilevered stator. An arrangement in which the stator beams are supported at
both ends would be more resistant to distortion and would be less sensitive to the
tolerances in the laser-cutting process.

Whilst demonstrating the structural concepts successtully, the work emphasized
the large magnetic forces trying to close the airgap, due to the ironed st<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>