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1 Abstract

State-of-the-art wind turbine (WT) drive train concepts still display major drawbacks —
despite their technological maturity and market domination —, especially regarding size,
efficiency and availability. Therefore, alternative concepts have to achieve following
objectives: increased efficiency and power density, reduced weight and size, reduced
investment costs, increased economic efficiency in production and low downtimes.

In order to accomplish these goals, a 6 MW WT drive train with six high-speed
(5000 min™') generators is presented in this paper. This drive train combines the ad-
vantages of WT concepts with multiple generators with the high-speed technology of
electrical machines. High-speed electrical machines offer an increase of power density
and cost reduction, which is not used in WTs so far.

The gearbox used for this concept needs a higher ratio compared to conventional con-
figurations. This can lead to additional complexity and losses. However, these draw-
backs can be compensated by an optimized operating strategy and the benefits of the
high-speed machines. The targeted higher speed results in an increased power densi-
ty, which leads to a considerable weight and size reduction of the generators. This,
furthermore, reduces the amount of magnetic active material and thus decreases in-
vestment costs. The design with multiple equal generators enables the utilization of
more identical parts. Concurrently, these parts are smaller and more lightweight due to
the power split configuration. As a result increased economic efficiency in production
and improvements in maintenance can be achieved. A certain redundancy of the sys-
tem is given as well, since energy will still be produced, even in case of a malfunction
of one generator.

2 Introduction

With the trend to further increase performance and the expansion of WTs in low wind
areas, the rotor diameters are consistently becoming larger. Larger rotor diameters
lead to lower rotor speeds and larger rotor torques. This results in larger gearboxes
and generators. In general special generators are used in multi-megawatt WTs instead
of compact, high-speed generators, which are offered by numerous manufacturers.
The use of generators that operate at higher speeds is not yet taken into account in the
wind energy industry. High-speed generators allow savings of space, weight and cost,
because while operating at the same power lower torques have to be transmitted
[KNO10]. The reduction of magnetically active material as a cost driver of WT genera-
tors leads to a significant cost reduction and greater independence from the price de-
velopment of noble earth elements.
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Main feature of the drive train concept proposed in this paper, in addition to the appli-
cation of high-speed electrical machines, is the multi-generator configuration using six
1 MW generators.

Similar concepts with multiple generators and power split configuration are already
present on the wind energy market (see Image 1:), but none of them take full ad-
vantage of the power density and size reduction that can be achieved by using such
configurations. The Clipper Liberty WT for example uses four 650 kW generators that
rotate at only 1133 min™ [CLI08]. Thus the generators are bulkier than the ones of the
concept proposed here, despite the PM technology used for the excitation and the
higher power density that comes with it. Another example is the Multi Duored gearbox
from Winergy, which has a transmission ratio of only 1:140 and cannot be used for
high-speed generators like the ones proposed here [HAN12]. Although the number of
identical parts of this gearbox is relatively high due to the eight times load sharing, this
aspect is not fully exploited, since only two output shafts are used [WIN14]. Further-
more, the eight times power split and subsequent four times power summation, which
results in the two outputs, makes this gearbox concept even more prone to mechanical
failures.

Image 1.  WT drive trains with multiple generator outputs: Clipper Liberty (left) and
Winergy Multi Duored (right).

3 Wind Turbine Generic Model

To determine the input loads for the design of the new drive train a generic system
model of a conventional WT (see Image 2) [BER11] is used. This generic model with a
rated power of 6 MW at the Point of Common Coupling is designed for an IEC class la
wind site (strong winds). Based on the geometry of the rotor, the hub height and the
wind conditions, the input loads for the design of the drive train are determined, such
as rated speed, rated torque and rotor thrust. Due to a presumed overall efficiency of
the WT of 90 %, a mechanical input power of 6.7 MW on rotor side is assumed for rat-
ed operation. These values are used as input for the concept development of the
gearbox and the generator. Beside the implementation for strong winds, low wind con-
ditions (IEC lll wind class) are considered as well. For this purpose a low wind rotor
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with a diameter of 164 m is designed for the generic WT model. Based on the opera-
tional strategy of the generic WT with the operating conditions — start-up, partial load
operation, full load operation and emergency stop —, a new strategy, especially for par-
tial load operation, is adapted to consider the use of six generators at high speed.

IME 6.0 Input parameters
Type Off-Shore Input power 6.7 MW
Rated power 6 MW Rotor speed 12 min
Wind speed 3-25 m/s Torque 5.33 MNm
Rated wind speed  11.9 m/s Thrust force at
rated wind speed 780 kN

Rotor diameter 126 m
Rotor speed 6.9-12.1 min"!

Image 2. IME 6.0 WT generic model and its input parameters

4 Gearbox Configurations

The development of gearbox concepts for the high-speed multi-generator drive train is
basically similar to the structure of conventional WT gearboxes. It is built as a combi-
nation of planetary and spur gear stages, where said planetary stages are considered
exclusively in the two-shaft mode in order to restrict the solution space. With the use of
planetary gears a compact space with high power density can be obtained and usually
ratios of 1.7 can be realized [GAS11]. To implement the power split to six generators, a
spur gear is used. Since the intended rated speed of the generators for strong and low
WT configurations is in a speed range of 5000 min™, the gearbox needs to have a
transmission ratio higher than 1:400. To realize this ratio four gear stages are needed.
Under these requirements and the requirement for space and durability, shafts, bear-
ings and gears are sized based on the rated load. In Image 3 four transmission struc-
tures are shown, which were taken into account. They are composed of three plane-
tary gear stages and one spur gear stage. The planetary gears are driven by the planet
carrier and the output is realized through the sun shaft. The number of used planets in
the first stage is either five or three. The differences between the shown concepts are
characterized by the position of the spur gear stage and thus the position of the power
split to the six output shafts.
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Image 3:  Gearbox structures

The developed concepts are rated regarding space, weight, modularity (number of
parts and identical components) and efficiency. Using planetary gear units in the first
three stages leads to a compact gearbox design, with the power split in the last stage.
In contrast to this structure, the first stage can be carried out with spur gears, so that
the power is split to six 1 MW drive trains already in the first stage. This is a very
modular gearbox structure, increases the number of identical parts and leads to a
weight reduction of the individual components. The remaining concepts provide the
power split in the second and third stage, respectively. In Table 1 the dimensions of
the four designs are summarized. Compared to conventional gearbox structures the
developed concepts are more complex, which is caused by the power split and the
fourth gear stage. Nevertheless, the dimensions of the developed concepts are prom-
ising, since the alternative drive train design is of a comparable size to conventional
drive train designs, due to weight and size reduction of the generators.

Gearbox | Maximum | Maximum Weight [1] Number of parts
concept width [m] | length [m] (Gears, shatts, i
p g bearings) Gears | Bearings | Shafts
PPPS 3.4 3.4 47 24 46 24
PSPP 3.4 3.2 45 74 124 74
PPSP 3.4 3.4 49 49 96 49
SPPP 4.2 3 40 97 182 97
Table 1: Comparison of gearbox concepts

The evaluation of the gearbox concepts regarding their efficiency is done on a system
level, including main bearing and generator (see chapter 6). Future challenges for the
gearbox design, caused by the high speed, are the execution of the cooling and lubri-
cation system, as well as the initiation of the prestressing forces for the bearings.

5 Generator Topology

Three electrical machine topologies are analyzed in this section: the squirrel cage in-
duction machine (SCIM), the electrically excited synchronous machine (EESM) and the
synchronous machine with permanent magnet (PM) excitation (PMSM).
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Before starting with the analytical design, a series of parameters and modeling charac-
teristics have to be assumed. These parameters are defined based on specifications in
[MULO8] and rely mostly on experience. At the same time, thermal limitations and satu-
ration of the magnetic active material are taken into account. Starting from these pa-
rameters, the main geometric dimensions of the machines (e.g. the outer diameter or
the laminations stack length) must be determined first and then used for the detailed
winding layout. To be able to calculate the bore diameter, the ideal length of the mag-
netically active material and the pole pitch, a corresponding Esson coefficient must be
chosen. With the aid of the pole pitch, the number of slots per pole and phase can be
determined. Furthermore, the pole pitch influences the magnetic flux in the air gap,
which also depends on the average magnetic field in the air gap. The number of turns
can then be calculated, if it is assumed that the magnetic flux in the air gap corre-
sponds to the main flux.

In the rotor, the slot geometry of the SCIM results from the calculation of the current in
the bars and in the short-circuiting rings of the rotor cage. For the EESM the slot ge-
ometry is given by the excitation current. In the case of the PMSM the arrangement
and the geometry of the PMs must be determined. For the basic calculations imple-
mented here, only a rotor with surface mounted PMs can be considered.

After the calculation of the winding and machine dimensions, the copper and iron loss-
es have to be determined. The copper losses result from the resistances and the cur-
rents of the windings in the stator and the rotor. In order to determine the iron losses in
the electrical sheets of the machines, the approach described in [EGG12] is applied.
Hereby the iron losses are determined based on the specific mass of the used steel
mp,, the peak value of the magnetic field B and the frequency f in the sheets. The co-
efficients a; — as are material dependent and determined by measurements:

Plosses,Fe:mFe'[al'éz'f+a2'EZ'f2'(1+a3'Ba4)+a5'§1'5'f1'5] Eg.1

Finally, the efficiencies and power densities of the three investigated machine topolo-
gies can be calculated based on their losses and geometric dimensions:

SCIM EESM PMSM
Outer diameter Dout 042 m 0.52 m 0.47 m
Total length Lot 0.66 m 0.54 m 0.65 m
Volume 14 0.090 m° 0.113 m® 0.115 m®
Power density Py 11.15 MwW/m? 8.85 MwW/m?® 8.70 MwW/m?®
Efficiency n 954 % 97.7 % 97.3 %
Table 2: Results of the analytical design

The SCIM has the highest power density and the EESM the highest efficiency, but the

differences are relatively small in comparison to the PMSM. This aspect shows that the

accuracy of an analytic investigation is insufficient. However, we know from experience

that a significant increase of the efficiency of the PMSM can be expected if an ar-
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rangement with V-shaped buried magnets (V-PMSM) is used [FIN10], which is why a
V-PMSM is considered as a generator for now (see Table 3 and Image 4).

General data
Rated power Py 1 MW
Rated voltage Uy 690 V
Rated speed ny | 5000 min®
Active length l; 480 mm
Stator
Outer radius Tsout| 240 mm
Yoke height h; 34 mm
Tooth width b, 20.4 mm
Slot height hs 53.6 mm
Air gap 6 24 mm ]
Rotor —_
E 0.9
Outer radius TrRout| 150 mm Z
Inner radius TRin 70 mm qg’ 08
PM angle Apy 70 ° = )9 > 07
PM height hpy 10 mm 00 1000 2000 3000 4000 5000  °°
Pole coverage a; 0.7 Speed [min-"]
Table 3: V-PMSM design Image 5: Efficiency map of the V-PMSM
parameters

The six identical generators are implemented in the corresponding blocks of the sys-
tem model in chapter 6 based on their efficiency maps. In order to determine this effi-
ciency map as accurately as possible, an existing V-PMSM geometry is scaled to the
required power of 1 MW and designed numerically with the help of finite element
method (FEM) calculations. The maximum efficiency determined for the V-PMSM is
98.27 % (see Image 5). The geometric dimensions of the machine yield a total volume
of magnetically active material of 0.087 m*, as well as a power density of 11.5 MW/m?®.
When comparing these results to those of the analytical design (see Table 2), the need
for a more accurate numerical investigation becomes obvious once again. Therefore,
the other two machine types (SCIM and EESM) will also be considered for FEM calcu-
lations in future works. Only then a reasonable choice between the three electrical ma-
chine topologies can be made.

6 Efficiency Evaluation of the Drive Train

For the presented gearbox and generator concepts, models are developed to deter-
mine the efficiency for the different drive train concepts. The entire drive train is con-
sidered consisting of a main bearing, a gearbox and six generators. The main bearing
is constructed as a fixed-floating bearing, as it is used in four-point mounting concepts.
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The various gearbox structures are described by the used bearings and their gears. To
determine the efficiency as an evaluation parameter, the total power losses P, in bear-
ings, gears and seals are calculated. There are load-dependent losses (Pg or Pg) and
load-independent losses (Pgo or Pgo) in the bearings and gears. The seal losses Ps are
independent of load and are calculated according to [LIN10]. The total power losses of
the entire drive train concepts amount to

i

PL(ﬁw) = Z[PBi + PBOi] + Z[PGL' + PGOi] + Z[Psl] + PLGenerator Eq 2
i i

The bearing losses for the main bearing and for all bearings in the different gearbox
concepts are calculated based on the calculation method from [SAEQ9]. They are de-
pendent on the bearing geometry, the properties of the lubricant, the attacking bearing
forces and the speed. In the gear teeth hydrodynamic losses and losses caused by
friction occur. The friction in the gear contacts is divided into sliding and rolling friction.
The calculation method for these load dependent gear losses is based on [AND80] and
calculated for each gear meshing. The hydrodynamic losses consist of paddling and
trapped losses. The paddling losses are caused by the immersion of the gears in the
oil sump and the intermingling of the oil. The power which is necessary to displace the
oil during the tooth contacts is referred to as trapped losses. The hydrodynamic losses
could not be included in the calculation models so far. The generator losses
(PL.cenerator) @re considered in the system models based on the characteristic efficiency
diagram of the V-PMSM configuration described in chapter 5. The efficiencies calcu-
lated with these models, are determined for the average wind speed and at an oil tem-
perature of 65 °C. The operating strategy for this first efficiency analysis is similar to
conventional strategies with a speed control during partial load and power control dur-
ing full load operation. Hereby all six generators are active, even during partial load
operation. The efficiency during full load operation is 91.42 % for the drive train con-
cept with the gearbox structure SPPP and 91.50 % for the concept with the PPPS
structure. The efficiency of the PPPS gearbox concept is better than that of the SPPP
concept, mainly in the partial load range at lower rotor speeds the different amounts up
to 2 %. This can be explained by the fact that in the SPPP concept more rotating parts
and bearings are installed which produce higher total power dissipation. Due to the
slightly different transmission ratios of the two gearboxes, generator speed and torque
are slightly different for the two concepts. This leads to a small difference in the effi-
ciency results of the generator (see Image 6). The other concepts are not considered
here, but similar efficiency characteristics are expected due to the similar gearbox
structures. At this point the efficiency simulation is executable and differences between
various drive train configurations can be determined.
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Image 6:  Results of the efficiency simulation

7 Operating Strategy

As seen in the results of the efficiency simulation (see Image 6), the power losses are
reduced while operating under full load. In the case of a drive train concept with multi-
ple generators the possibility is seen to switch off individual generators during partial
load operation to raise the power of the remaining machines to full load operation. Due
to the connection and disconnection of individual generators, the utilized capacity of
the generators can be optimized and the efficiency can be increased. Further increase
of the efficiency is expected for decoupling individual drive trains in the gearbox, espe-
cially for the gearbox configuration with the power split in the first stage (SPPP).

While start-up and full load operation is identical to the operating strategy of conven-
tional WTs, the strategy during partial load operation has to be extended. Using six
generators the partial load operation needs to be divided into six individual operating
areas. Each of these areas must be provided with both a speed control and a pitch
control strategy, in order to protect the WT during short-term changes of the wind
speed. The possible ranges of operation during partial load operation are dependent
on the torque characteristics of the electric machines and are limited by the rated
torque. In Image 7 the torque characteristic of the WT rotor, based on the optimum tip
speed ratio Aoy, IS shown, with the inevitable switching points of the individual genera-
tors. When the rated torque Traeq Of @ generator is reached, another generator must
be connected. This leads to the indicated switching points and the corresponding duty
cycles of the generators. The partial load operation is most relevant for the overall en-
ergy yield, since about 70 % of the time the average wind speeds at which the WT
usually operates are given during partial load operation, for both high and low wind
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sites. A uniformly distributed capacity, connection and disconnection of all the six gen-
erators results in a significant saving in full-load hours per generator for the total ser-
vice life of 20 years intended for WTs.

12000
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Image 7:  Torque characteristic of the WT and duty cycles of the generators

8 Conclusions

This paper proposes an alternative drive train configuration with six high-speed gener-
ators (rated at 1 MW and 5000 min™) for a 6 MW WT. Four gearbox concepts and
three electrical machines have been investigated, in order to determine the potential of
a power density and an efficiency increase, as well as that of an investment cost re-
duction.

The dimensioned gearbox configurations show that with a higher modularity of the
concepts, a reduction of weight and efficiency comes along. The investigated genera-
tors are smaller and have a higher power density when compared to the more conven-
tional electrical machines for WT. Simulation results for the entire drive train with the V-
PMSM as generator show an overall efficiency during full load operation of 91.42 % for
the WT with a SPPP gearbox and 91.50 % for the concept with a PPPS gearbox. Dur-
ing partial load, the efficiency of the drive train with a PPPS gearbox is up to 2 % high-
er, provided that no decoupling of individual drive train is considered.

In future works the efficiency simulation model will be extended with the discussed op-
erating strategy. With the possibility to switch several generators off, as well as to de-
couple individual drive trains of the gearbox during partial load operation, a significant
efficiency increase is expected. Furthermore, the SCIM and EESM electrical machine
configurations will be designed numerically with FEM calculations, in order to improve
the analytical results and to use them for ensuing efficiency simulations. Based on the
dimensions and efficiency results of the different configurations, a WT drive train con-
cept will be selected for the future detailed design process.
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