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1. Motivation PMSG  Full-load Converter

High-speed electrical machines offer an in- @ %H%

crease of power density and cost reduction

Since there are no gpplications of this tech-. @ %H%
nology in wind turbines generators (WTG)so  —>
far, an alternative 6 MW WTG drive train with Grid
six high-speed (n = 5000 min-1) generators ;‘: g {:} @ %H% _@_-
(Fig.7) will be developed to analyze the poten- . o @ %H% Transtommer
tial of high-speed electrical machines in WTG. stage
The proposed drive train configuration com-  —* Gearbox
bines the advantages of WTG concepts with @ %H%
multiple generators with the high-speed
technology of electrical machines. @ %H%
Fig. 1: Drive train configuration

2. Drive Train Configuration

The gearbox used in the proposed drive train configuration needs a higher ratio compared to conventional
WTGs. This leads to additional gear stages with new challenges for gears, bearings and the lubrication
system. Furthermore the power split for multiple generators leads to an advanced complexity as well as to
an increase in weight and material compared to conventional gearbox concepts.

On the generator side the targeted higher speed results in an increased power density, which brings a
considerable weight- and size reduction of the generators. This reduces the amount of magnetic active
material and leads to a decrease of investment costs.

The design with multiple equal generators enables the utilization of more identical and at the same time
smaller and lighter parts, to achieve a better economic efficiency in production and improvements in main-
tenance. A certain redundancy of the system is given as well, since energy will always be produced, even in
case of a malfunction of one generator.

3. Operating Strategy

With a multiple generator drive train concept the operating strategy of conventional WTGs (speed control
at partial load and power control under full load) has to be adapted. Here, a special focus is put on the
partial load range, since at both, high and low wind sites, about 70 % of the time the average wind speed
comes up to the range of partial load operation.

To operate the WTG during partial load in order to permit an optimal efficiency, the rotor speed is adjusted
so that an optimum tip speed ratio opt is reached. The use of multiple generator concepts offer the pos-
sibility to shut down generators at partial load individually. Thus, the remaining machines will operate in
higher power ranges and so at higher efficiencies. Moreover, it is possible to use at different times different
generators, so that each generator has a shorter working time than the WTG is in operation.

In this paper first investigated concepts for the gearbox and generator configuration for the WTG will be
presented. The main focus is on the operating strategy which will be simulated for different operating
conditions to discuss the potential of load and efficiency optimization of this alternative drive train design.
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Summary

In this research project a new drive train design for a 6 MW wind turbine (WT) will be developed. Thereby the
multiple generator concept of WTs will be combined with the high-speed application of electrical machines. Six
generators with a rated power of 1 MW at a rated speed of 5000 rpm will be used. This work focuses on the
dimensioning of the gearbox, the generators and the development of an operational strategy for such a concept.

For this drive train concept a four-stage gearbox configuration is developed. The first stage is designed as a spur
gear stage with a sixfold power split followed by three planetary stages per gear train. This configuration is charac-
terized by a low weight, as well as a large number of identical parts. These factors enable a very modular gearbox
design. A coupling is located behind the power split. The power is only reunited on the electrical side, so that the
power/ torque flow in the gearbox is determined by the connection and disconnection of individual generators. Thus,
the generators can be operated in the optimum operating range with regard to their capacity or efficiency. Connect-
ing and disconnecting individual gear trains and generators during partial load enables an efficiency increase for
the developed concept of up to 7 %. This leads to an idealized yield increase of approximately 1.15 % for an

exemplary low-wind site with an average wind speed of 5.3 m/s.

1. Introduction

A higher operating speed of electrical machines
leads to a higher power density and a reduction of
weight and size. This saves magnetic active material,
which leads to a significant cost reduction of the elec-
trical machines.

The electrical power in the new drive train concept is
intended to be produced by multiple high-speed gen-
erators. The power distribution reduces the loads in
all parts of the drive train.

The implementation of the multiple generator con-
cept in WTs results in a design with many identical
parts, which are smaller and more lightweight than
the gearbox and generator components of conven-
tional concepts, due to the power split. Using many
identical parts leads to an increased efficiency and
quality in serial production and optimized mainte-
nance concepts. The smaller and lighter parts enable
on-board repairs and services of the nacelle, without
the use of large mobile cranes. Downtimes during
WT operation can thus be reduced.

Another advantage of the concept with multiple gen-
erators is the higher redundancy. The full energy
yield can still be achieved during partial load opera-
tion, even if one generator fails. During full load op-
eration only a small energy loss is recorded until the
generator is repaired.

2. Drive Train Configuration

During the design of the drive train concept the focus
is set on the gearbox and the generators. For the
main bearing a conventional four-point bearing con-
cept is used. The nacelle frame is a classic WT main
frame, which is modified for the mounting of the new
gearbox configuration and the generators.

The developed gearbox concepts for the high-speed
multi-generator drive train are designed according to
the structure of conventional WT gearbox configura-
tions. The gearbox is made up of a combination of
planet and spur gear stages. To restrict the solution
space in the design process of the planet gear
stages, only the two-shaft operation mode (driven
planetary carrier, output over sun gear) will be taken
into account. Using planetary gear stages, high trans-
mission ratios with a compact design and high power
densities can be realized. To implement the power
split to six output shafts or generators, a spur gear
stage is used.

Since the intended rated speed of the generators for
strong- and low-wind WT configurations is 5000 rpm,
the gearbox needs a ratio higher than 1:400. To real-
ize this ratio four gear stages are used. In order to
develop a modular configuration, the gearbox con-
cepts consist of standard and independent gear
stages, joined together through a coupling. In case of
a malfunction the defect gearbox component can



thus be completely replaced and the downtime of the
WT can be reduced. Moreover, with this modular de-
sign it will be possible to use different lubricating oils
and different lubrication procedures for each of the
four gear stages. Under these conditions four gear-
box concepts were developed. They consist of three
planetary stages (P) and a spur gear stage (S). The
concepts differ in the position of the spur gear stage
and thus the power split in the gearbox (Fig. 1).

Gearbox concept: PPPS | Gearbox concept: PPSP

Gearbox concept: PSPP | Gearbox concept: SPPP

Fig. 1: Gearbox configurations

The PPPS and SPPP concepts should be particularly
mentioned. The use of planetary gear units in the first
three stages leads to a compact gear design with a
low modularity. The concept with power split in the
first stage stands in direct contrast to this structure.
For this concept six individual 1 MW gear trains, each
with three planetary stages, are arranged after the
first stage. This leads to a very modular gearbox
structure, increases the number of identical parts and
reduces the mass of the individual components (Ta-
ble 1).

Table 1: Comparison of gearbox concepts

Gearbox concepts PPPS SPPP
Weight =47 t =40t
Size (width x length) 34%x34m | 42x3m
Total number of parts 90 370
Number of different 28 31

parts

Besides advantages of modularity and weight, the
SPPP gearbox concept offers also the greatest po-
tential to improve the capacity utilization of the com-
ponents and the increase in efficiency during partial
load operation. This is due to the possible integration
of switchable couplings in the gearbox immediately
after the first gear stage.
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For the development of the generator with a rated
power of 1 MW and a rated speed of 5000 rpm three
electrical machine topologies are analyzed: the squir-
rel cage induction machine (SCIM), the electrically
excited synchronous machine (EESM) and the syn-
chronous machine with permanent magnet (PM) ex-
citation (PMSM).

The results of the initial analytical design indicate that
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 as-
pect shows that the accuracy of an analytical investi-
gation is insufficient. However, it is known that a sig-
nificant increase of the efficiency of the PMSM can
be expected if an arrangement with V-shaped buried
magnets (V-PMSM) is used, which is why a V-PMSM
is initially chosen for an in-depth numerical design. In
order to determine the dimensions and the efficiency
map of the V-PMSM design as accurately as possi-
ble, an existing generator geometry is scaled to the
required power of 1 MW and designed numerically
with the help of the finite element method (FEM). 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/m3. The max-
imum efficiency determined for the V-PMSM is
98.27 % (Fig. 2).
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Fig. 2: V-PMSM configuration and efficiency

To compare the different drive train concepts regard-
ing their efficiency, simulation models were created,
where the main bearing, the different gearbox struc-
tures and the V-PMSM are considered. The calcula-
tion of the power losses is based on [1] for the bear-
ings, on [2] and [3] for the gear meshing and on [4]
for the seals. The results show a rise of the efficiency
curve from the partial to the full load range (where
P/PRrated = 100 %), for all drive train configurations
(Fig. 3). The simulation results show realistic curves,
but there is a difference in the entire operating range
of less than 1 %. The drive train concept with power
split in the third stage (PPSP) has the highest effi-
ciency, 93.7 % at full load. The concepts with the
power split in the first (SPPP) and the last stage
(PPPS) show an almost identical characteristic over
the entire operating range, with a maximum efficiency
of about 93.5 % at full load. The efficiency of the con-
cept with power split in the second stage (PSPP) is
about 0.25 % lower.
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Fig. 3: Results of the efficiency calculation

The expected result, that the gearbox concept with
most rotating components (SPPP) has the lowest ef-
ficiency curve and the concept with the least compo-
nents (PPPS) scores best, is not met.

This can be explained by the use of different bearings
and small differences in the transmission ratio of the
various gearbox configurations, which resulted dur-
ing the dimensioning of the concepts. In particular,
the discrete changes in size of the used bearings
lead to different power losses that affect the effi-
ciency results.

3. Operating Strategy

A drive train concept with multiple generators offers
the possibility to switch off individual generators dur-
ing partial load operation, so that the remaining ma-
chines can work at their rated operating point and in
their optimum efficiency range. Due to the connection
and disconnection of individual generators, the utili-
zation of the generators can be optimized and the ef-
ficiency can be increased. The decoupling of total
gear trains by using switchable clutches in the gear-
box can offer further potential for increasing the effi-
ciency during partial load operation.

A major challenge is the coupling during operation of
the WT, due to very high torques at low rotational
speeds or high torques at high speeds, depending on
the position of the coupling in the gearbox. Other re-
quirements, such as space limitations or required
switching frequencies, also have to be regarded.
Moreover, the high loads are contrasting with the re-
quirement of a maintenance-free system or very rare
maintenance intervals. In the presented gearbox
structures six identical couplings are used after the
power split. The synchronization between the input
and the output side of a coupling can be realized in
two ways. On the one hand, the speed difference be-
tween the input and the output side is automatically
eliminated through the slip torque of the coupling.
This can lead to high coupling loads and strong heat
dissipation. A second option is offered in this case by
the generators. They can also be operated as motors
and are thus able to adapt the output speed to the
drive speed. This constitutes a pre-synchronization,
which has the advantage of reduced coupling loads,
depending on how precisely the output speed can be
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adjusted to the drive speed, before the coupling en-
gages.

While at full load the operating strategy is the same
as that of conventional WTs, it has to be changed
during partial load operation, given the possibility of
connection and disconnection of individual gear
trains. For the proposed drive train concept with six
generators the partial load range has to be divided
into six individual operating ranges. Each of these ar-
eas must be provided with both a variable speed con-
trol and a pitch control in order to protect the WT dur-
ing short-term changes of the wind speed.

Fig. 4 shows the torque characteristic of the WT rotor
based on the optimum tip speed ratio Aopt. The torque
characteristic is plotted over the generator speed and
the inevitable switching points of the individual gen-
erators during partial load operation are pointed out.
When the rated torque Trateda Of a generator is
reached, another generator must be connected. This
leads to the indicated switching points and the corre-
sponding duty cycles of the generators. Individual
generators must therefore be connected before they
reach their rated power, for the given drive torque
characteristic. With one generator for instance, the
WT can be operated only up to about 500 kW until
another generator has to be connected.

12000
6T,

.Nnﬁ‘. _________________________________ ‘|—

I e

4T ———————— === ——— -

Neem

T [Nm]

1
— 1
- i 4904\
1] r - L N
1000 2452 3000 3488 4247 5000
n [rpm]

— _
/ Pos _ 0 Towes _ M \
f Frated  Mhaed "Thated  Maated \

=2452min " — Fe — 490

Prses 1 = IMW n, = 2452min T 6

2 = 3468min~ B = 69%

Progtea s = 2MW n, = 3468 min = - o

- Fys .

Paoses s =3IMW i, =424Tmin ™ = 3 9 _§5%
Fated.

= 4504 min ™ _Pr =989

Pagtea s =4MW 1, =4504 min = =%
Faned,

19 min =t Fos 2

Prstea 5 = SMW n; = 4978 min = % _g9 5%

'Pkaled!

| . B |

Pastes s = 6MW Mg =Mpaa =5000min~" = ———=100% /
) Pkaleﬂﬂ /

Fig. 4: WT torque characteristic with inevitable
switching points of individual generators

This switching procedure has been added to the effi-
ciency calculation model to show the potential of in-
creasing the efficiency during partial load operation.
The moments of connection and disconnection of
several generators are defined by reaching a multiple



of the rated torque (Tratea = 1900 Nm) of the genera-
tors. In the drive train model, the gear trains which
are not required, can also be decoupled and switched
separately with the generators. This behavior simu-
lates the use of a coupling after the spur gear and
therefore after the power split in the gearbox. The re-
sults of this efficiency simulation for different drive
train configurations are shown in Fig. 5. The red
curves indicate the efficiency during partial load op-
eration without the switching procedure and the
green curves the efficiency when the described
switching procedure is used. The results show a sig-
nificant efficiency increase in the lower range of the
partial load operation, due to the connection of indi-
vidual drive trains. As soon as all generators are
switched on (at approximately 83 % rated power), the
efficiency curve is the same as in the case where no
switching procedure is used.

94
— 92
g a0 Gearbox concept PPPS
3 88
S 86 A1y
2 L]
E 84 . I 1
82 =0
80
0 50 100
94 —
— 92
§ 90 Gearbox concept SPPP
> 1
o 88 m/nli
2 86 )
o
E 84 A
o2 SO
80

0 50 100
P/Pgated [%0]

Fig. 5: Efficiency curves for different drive train con-
figurations, without (red) and with (green) switching
procedure

The greatest efficiency increase (more than 7 %) by
using this switching procedure is reached by the drive
train concept with power split in the first gear stage
(Fig. 6). For this concept three planetary stages per
gear train are decoupled and the highest number of
parts is thus disconnected from the power flow, when
compared to the other concepts.

The efficiency increase leads to a higher electrical
output power of the WT and to a higher energy yield.
In low-wind regions the WT operates up to 70 % of
the total operating time at partial load (Fig. 7), which
makes the use of this drive train concept with the il-
lustrated switching procedure particularly suitable for
this locations.

The increase in energy yield during partial load oper-
ation is up to 1.15 % for a low-wind site with a mean
wind speed of 5.3 m/s. Besides this income increase,
the number of operating hours per generator can be
significantly reduced, due to the possibility of their in-
dividual connection and disconnection.
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Fig. 6: Efficiency difference (blue) and efficiency
curves without (red) and with (green) switching pro-
cedure, for the drive train with SPPP gearbox
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Fig. 7: Wind speed distribution and operating ranges
for a low-wind site
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