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A differential for a power generation station, in particular a wind power station, comprises three input elements or output elements.
A first Input element Is connected to a drive shaft of the power generation station, an output element is connected to a generator
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ABSTRACT
A differential gear for an energy production plant, in particular for a wind power
plant, has three drives and three power take-offs, whereby a first drive is connected to a

drive shaft of the energy production plant, a power take-off 1s connected to a generator

(8), and a second drive is connected to an electric machine (6) as a differential dnive. The

first drive that is connected to the drive shaft rotates at a basic speed. The speed range of
the first drive is at least ~/+ 6.0% and at most -/+ 20.0% of the basic speed, while the

electric machine (6) is operated at nominal speed.
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- Differential Gear for Wind Power Plant

The invention relates to a differential gear for an energy production plant, in
particular for a wind power plant, a method for operating such a differential gear, as well
as an energy production plant, in particular a wind power plant, with such a differential
gear. '

Wind power plants are gaining increasing importance as electricity-producing

plants. As a result, the proportion, in percent, of power produced by wind is steadily

increasing. In turn, this produces, on the one hand, new standards relative to power

quality and, on the other.hand, a trend toward still larger wind power plants. At the same

time, a trend toward off-shore wind power plants is discernible, which requires plant

sizes of at least SMW of installed output. Here, both the degree of efficiency and also the
availability of the plants gain special importance bec—ause of the high costs of the
infrastructure and maintenance or servicing of the wind power plants in the off-shore
region.

A feature common to all plants is the need for a variable rotor speed, on the one

~hand to increase the aerodynamic efficiency in the partial load range and on the other

“hand to regulaté the torque in the drive section of the wind power plant, the latter for the

purpose of the speed regulation of the rotor in combination with the rotor blade
adjustment. For the most part, wind power plants are currently used that meet this

requirement by using speed-variable generator solutions in the form of so-called doubly-

- fed three-phase a.c. machines or synchronous generators in combination with frequency

converters. These solutions have the drawback, however, that (a) the electrical properties
of the wind power plants in the case of a grid disruption only conditionally meet the
requirements of the electricity supply firm, (b) the wind power plants -can only be
connected by means of transformer stations to the mean voltage grid, and (c) the
frequency converters that are necessary for the variable speed are very powerful and are
therefore a source of losses in efficiency. '
These problems can be solved by the use of separately excited mean-voltage

synchronous generators. In this connection, however, alternative solutions are required to
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meet the requirement for variable rotor speeds or torque regul ation in the drive train of
the wind power plant. One option is the use of differential gears that allow a variable
speed of the rotor of the wind power plant by changing the transmission ratio at constant
generator speed.

WO2004/109157 Al shows a complex, hydrostatic “multipath” concept with
several parallel differential stages and several switchable couplings, making it possible to
switch among the individual paths. With the indicated technical solution, the output and
thus the losses of the hydrostatics can be reduced. A significant drawback, however, 1s
the complicated design of the overall unit. Moreover, the switching between the
individual stages represents a problem in the regulation of the wind power plant. In
addition, this publication shows a mechanical brake, which acts directly on the generator
shaft.

WO 2006/010190 A1 shows a simple electrical design with a multi-stage
differential gear, which preferably provides for an asynchronous generator as a
differential drive. The nominal speed of the differential drive of 1,500 rpm is expanded
by 1/3 to 2,000 rpm in the motor operation, which means a field-weakening range of
approximately 33%.

EP 1283359 A1 shows a 1-stage and a multi-stage differential gear with an
electric differential drive, whereby the 1-stage version has a special three-phase a.c.
machine with high nominal speed that is positioned coaxially around the input shaft and
that - as a function of the design - has an extremely high mass moment of inertia relative
to the rotor shaft. As an alternative, a multi-stage differential gear with a high-speed
standard three-phase a.c. machine is proposed, which is oriented parallel to the input shaft
of the differential gear.

The drawbacks of known embodiments are, on the one hand, high losses in the

differential drive or, on the other hand, in designs that solve this problem, complex

mechanics or special electrical-machine technology, and thus high costs. In hydrostatic
solutions, moreover, the service life of the pumps that are used is a problem or a high
expense in compliance with extreme environmental conditions. In general, it can be

determined that the selected nominal speed ranges are either too small for the
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compensation for extreme loads or are too large for an optimum energy output of the

- wind power plant. Moreover, in the known electrical solutions for the differential drive,

it is noted that the latter provide for an unfavorable distribution between the nominal
speed range and the field-weakening range, and regulation-relevant criteria, such as, e.g.,
the mass moment of inertia of the differential drive (Jq) relative to the rotor, were not
adequately taken into consideration.

The object of the invention is to avoid the above-mentioned drawbacks as much
as possible and to make available a differential drive, which, in addition to the lowest
possible costs, ensures both .maximum energy output and optimum regulation of the wind
power plant.

This object 1s achieved with a differential gear with the features of Claim 1.

In addition, this object is achieved with an energy production plant with the

features of Claim 13.

Finally, this object is also achieved with a method with the features of Claims 15
and 16. '

Preferred embodiments of the invention are the subjects of the other subclaims.
Because of the limitation of the speed to the indicated ranges, an optimum
equilibrium between a higher aerodynamic efficiency and losses of efficiency is achieved
by the differential drive, with simultaneous consideration of the regulation-related
boundary conditions in energy production plants, in particular wind power plants.

Below, preterred embodiments of the invention are described in detail with

, reference to the attached drawings.

For a SMW wind power plant according to the prior art, Fig. 1 shows the output
curve, the rotor speed, and the thus resulting characteristic values such as tip speed ratio
and the output coefficient,

Fig. 2 shows the principle of a differential gear with an electric differential drive.
according to the prior art,

Fig. 3 shows the principle of a hydrostatic differential drive with a pump/motor

combination according to the prior art,
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Fig. 4 shows the principle of a special three-phase a.c. machine according to the
prior art that is oriented coaxially to the input shaft of the differential stage,

Fig. 5 shows the speed ratio on the rotor of the wind power plant and the thus
resulting maximum input torque Mpax for the differential drive,

By way of example, Fig. 6 shows the speed and output ratios of an electric
difféféntiél drive over wind speed,

For the 1-stage differential gear, Fig. 7 shows the maximum torque and the size
factor y/x as a function of the nominal speed range,

Fig. 8 shows transmission ratios and torques for the differential drive with a 1-
stage differential gear and alternatively with a 2-stage differential gear, and the effects on
Jred,

Fig. 9 shows the multiplication factor f(J) for a 1-stage or 2-stage differential
gear, with which the value of the mass moment of inertia J of the differential drive can be
multiplied to calculate the J4 relative to the rotor shaft in the case of the minimum rotor
speed (Niin),

- For a 1-stage or 2-stage differential gear, Fig. 10 shows the torque that 1s
necessary to be able to compensate for - in terms of speed - a speed jump at the rotor with
an electric differential drive,

Fig. 11 shows the speed/torque characteristic of an electric differential drive (PM
synchronous motor) including a field-weakening range in comparison to the required
torque for the differential drive,

Fig. 12 shows the maximum input torque for the differential drive and the size
factor y/x as a function of the field-weakening range of the ¢lectric differential drive,

Fig. 13 shows the difference of the gross energy output as a function of the field-
weakening range,

Fig. 14 shows the difference of the gross energy output for various nominal speed

- ranges at different mean annual wind speeds for an electric differential drive with an 80%

field-weakening range,
Fig. 15 shows the difference of the gross energy output for various nominal speed

ranges at different mean annual wind speeds for a hydraulic differential drive,
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Fig. 16 shows the power production costs for an electric differential drive at

Various nominal speed ranges for a 1-stage ditferential gear,

Fig. 17 shows the power production costs for an electric differential drive at

- various nominal speed ranges for a 2-stage differential gear,

Fig. 18 shows a three-phase a.c. machine that is short-circuited with electric
resistors connected in-between,

Fig. 19 shows a solution with a 1-stage differential gear that is integrated in the
main gearbox,

- Fig. 20 shows a solution with a 1-stage differential gear that is integrated in the

Synchronous geﬁcrator,

Fig. 21 shows an altemative solution for a 1-stage differential gear with a coaxial
connection or a hollow wheel and differential drive. |

The output of the rotor of a wind power plant is calculated from the formula

Rotor Output = Rotor Surface Area * Qutput Coefficient * Air Density/2 * Wind
Speed’
whereby the output coefficient is based on the tip speed ratio (= ratio of blade tip sPéed to
wind speed) of the rotor of the wind power plant. The rotor of a wind power plant is
designed for an optimum output coefficient as a function of a tip speed ratio (in most
cases a value of between 7 and 9) that is to be determined during development. For this
reason, during operation of the wind power plant in the partial-load range, a
correspondingly low speed is to be set to ensure an optimum aerodynamic efficiency.

Fig. 1 shows the ratios for rotor output, rotor speed, tip speed ratio and output
coefficient for a specified maximum speed range of the rotor or an optimum tip speed
ratio of 8.0-8.5. It can be seen from the diagram that as soon as the tip speed ratio
deviates from its optimum value of 8.0-8.5, the output coefficient drops, and the rotor
output corresponding to the aerodynamic charactéristic of the rotor is thus reduced
according to the above-mentioned formula.

Fig. 2 shows a possible principle of a differential system for a wind power plant
that consists of differential stages 3 or 11 to 13, an adaptive reduction stage 4, and a

differential drive 6. The rotor 1 of the wind power plant, which sits on the drive shaft for
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the main gearbox 2, drives the main gearbox 2. The main gearbox 2 is a 3-stage gearbox
with two planetary stages and a spur-wheel stage. Between the main gearbox 2 and the
generator 8, there is the differential stage 3, which is driven by the main gearbox 2 via
planetary carriers 12 of the differential stage 3. The generator 8 — preferably a separately
excited synchronous generator, which if necessary can also have a nominal voltage of

greater than 20 kV — is connected to the hollow wheel 13 of the differential stage 3 and is

- driven by the latter. The pinion gear 11 of the differential stage 3 is connected to the
- differential drive 6. The speed of the differential drive 6 is regulated: on the one hand to

ensure, in the case of the variable speed of the rotor 1, a constant speed of the generator 8
and on the other hand to regulate the torque in the comf:lete drive train of the wind power
plant. In the case shown, to increase the input speed for the differential drive 6, a 2-stage
differential gear is selected, which provides an adaptive reduction stage 4 in the form of a
front-wheel stage between the differential stage 3 and the differential drive 6. The
differential stage 3 and the adaptive reduction stage 4 thus form the 2-stage differential
gear. The differential drive is a three-phase a.c. machine, which is connected to the grid
via a ﬁ'eqﬁency converter 7 and a transformer 5. As an alternative, the differential drive,
as shown 1n Fig. 3, can also be designed as, e.g., a hydrostatic pump/motor combination
9. In this case, the second pump is preferably connected via the adaptive reduction stage
10 to the drive shaft of the generator 8.

Fig. 4 shows another possible embodiment of the differential gear according to
the prior art. Here, the planctary carrier 12 is driven from the main gearbox 2 in a way
that is already indicated, and the generator 8 is connected to the hollow wheel 13 and the
pinion gear is connected to the electric differential drive 6. This variant embodiment
represents a 1-stage solution, whereby here for design reasons, a special three-phase a.c.
machine is brought into use, which is significantly more expensive in comparison to the
standard threc-phase a.c. machines and has, moreover, a very high mass moment of
inertia. This has an especially negative effect in terms of control engineering as regards
the mass moment of inertia, relative to the rotor 1, of the differential drive 6.

The equation of the speed for the differential gear reads:

Speedc,«enemmr =X ¥ SpeedRotor T Y ¥ SpeedDifferential Drive,
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whereby the generator speed is constant, and the factors x and y can be derived from the
selected gear ratios of the main gearbox and the differential gear. The torque on the rotor
1s determined by the available wind supply and the aerodynamic efficiency of the rofor.
‘The ratio between the torque at the rotor shaft and that on the differential drive is
constant, by which the torque in the drive train can be regulated by the differential drive.
The equation of the torque for the differential drive reads:

Torquepigferential Drive - = TOTqUERotor * Y / X,
whereby the size factor y/x is a measurement of the required design torque of the
differential drive.

The output of the differential drive 1s essentially proportional to the product that
consists of the percentage deviation of the rotor speed from its basic speed times rotor
output. Consequently, a large speed range in principle requires a correspondingly large
sizing of the differential dnve.

Fig. 5 shows this by way of example for various speed ranges. The -/+ nominal

) _ speed range of the rotor defines its percentage speed deviation from the basic speed of the

rotor, which can be achieved without field weakening with the nominal speed of the
differential drive (- ... motor and + ... generator). In the case of an electric three-phase
a.c. machine, the nominal speed (n) of the differential drive defines any maximum speed
in which the latter can permanently generate the nominal torque (M,,) or the nominal
output (P,).

In the case of a hydrostatic drive, such as, €.g., a hydraulic reciprocating piston
pump, the nominal speed of the differential drive is any speed in which the latter with
maximum torque (Tnax) can yield maximum continuous output (Po max). In this case,
nominal pressure (pn) and nominal size (NG) and displacement volumes (V max) 0f the
pump determine the maximum torque (Tmax).

In the nominal output range, the rotor of the wind power plant rotates with the
mean speed Neted befween the limits Nmax and Nypin-maxp, 1N the partial-load range between
Npated @0d Nin, achievable 1n this example with a field-weakening range of 80%. The
regulating speed range between ny.y and npin-maxp, Which can be achieved without load

reduction, is selected to be correspondingly large to be able to compensate for wind gusts.
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The size of this speed range depends on the gusting of the wind or the inertia of the rotor

.~ of the wind power plant and the dynamuics of the so-called pitch system (rotor blade

adjusting system) and is usually approximately -/+ 5%. In the example shown, a

| regulating speed range of -/+ 6% was selected to have corresponding reserves for the

compensation of extreme gusts using differential drives. Wind power plants with very
sluggish pitch systems can also be well designed, however, for regulating speed ranges of
approximately -/+ 7% to -/+ 8%. In this regulating speed range, the wind power plant has

to produce nominal output, which means that the differential drive in this case is loaded

- with maximum torque. This means that the -/+ nominal speed range of the rotor has to be

equally large, since only in this range can fhe differential drive achieve its nominal
torque.

In the case of electric and hydrostatic differential drives with a differential stage,
the rotor speed, in which the differential drive has the speed that is equal to 0, is named
the basic speed. Since now in the case of small rotor speed ranges, the basic speed
exceeds Nmin-maxp, the differential drive has to be able to generate the nominal torque at a
speed that is equal to 0. Differential drives, be they electric or else hydraulic, can only
produce a torque, however, at a speed that is equal to 0, which is significantly below the
nominal torque; but this can be compensated for by corresponding oversizing in the
design. Since, however, the maximum desi gn torque is the sizing factor for a differential
drive, for this reason a smaller speed range has an only limited positive effect on the size
of the differential drive.

In the case of a drive design with more than one differential stage, or with a
hydrodynamic differential drive, the -/+ nominal speed range can be calculated in terms
of replacement from the formula

-/+ Nominal Speed Range = -/+ (Nmax — Bamin) / (Nmax + Dimin)
for a basic speed = (Nmax + Nimin) * 0.5
The nominal speed of the differential drive in this case is determined instead in terms of
replacement with 1ts speeds at nm,, and respectively np;,.

In Fig. . 6, by way of example, the speed or output ratios are provided for a

differential stage. The speed of the generator, preferably a separately excited mean
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voltage synchronous generator, is constant through the connection to the constant;
frequency power grid. To be able to use the differential drive correspondingly well, this
drive is operated in motor mode in the lower range of the basic speed and in generator
mode in the higher range of the basic speed. This means that the output in the differential

stage is injected in the motor range and the output from the differential stage is removed

.1n the generator range. In the case of an electric differential drive, this output 1s

preferably removed in the grid or is fed into the latter. In the case of a hydraulic
differential drive, the output is preferably removed in the generator shaft or is fed to the
latter. The sum of the generator output and the differential drive output produces the
overall output that is released into the grid for an electric differential drive.

In addition to the torque on the differential input, the input torque for the

- differential drive also essentially depends on the transmission ratio of the differential

gear. If the underlying analysis is that the optimum transmission ratio of a planetary
stage is in a so-called stationary gear ratio of approximately 6, the torque for the
differential drive, with a 1-stage differential géar, is not smaller proportionally to the
speed range. Technically, even larger stationary gear ratios can be produced, which at
best reduces this problem but does not eliminate it.

For a 1-stage differential gear, Fig. 7 shows the maximum torque and the size
factor y/x (multiplied by -5,000 for display reasons) as a function of the nominal speed
range of the rotor. In a nominal speed range of approximately -/+ 14% to -/+ 17%, the
smallest size factor and consequently also the smallest maximum torque (M) are
produced for the differential drive. .

For a 1-stage differential gear, the lay-out shows that in the case of a nominal
speed range that becomes smaller, the design torque for the differential drive grows. To
solve this problem, e.g., a 2-stage differential gear can be used. This can be achieved, for
example, by implementing an adaptive reduction stage 4 between the differential stage 3

and the differential drive 6 or 9. The input torque for the differential stage, which

~essentially determines the costs thereof, thus cannot be reduced, however.

Fig. 8 shows the juxtaposition of the torques of the differential drive for a 1-stage

and a 2-stage differential gear and the factor J(red), which is the ratio of the mass
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moment of inertia (Jq) of both variants relative to the rotor shaft. It can be seen clearly
from Fig. 8 that with the free selection of the transmission ratio of the differential gear —

in the case shown for a nominal speed of the differential drive of approximately 1,500

rpm — the required torque of the differential drive ts correspondingly smaller with a speed

range that becomes smaller. Above a nominal speed range of approximately
-/+ 16.5%, the stationary gear ratio of the 1-stage differential gear that is assumed in this
embodiment can be achieved by the nominal speed of the differential drive of 1,500 rpm

without additional adaptive reduction stages. The drawbacks of a multi-stage differential

- gear are, however, the somewhat higher gear losses and higher gear costs. Moreover, the

higher gear transmission produces a higher mass moment of inertia of the differential
drive relative to the rotor shaft of the wind power plant (J4), although the mass moment
of inertia of the differential drive is also smaller with nominal torque that becomes

smaller. Since the contrdllability of the wind power plant depends greatly on this J;eq,

- however — the lower, in comparison to the mass moment of inertia of the rotor of the

wind power plant, the better the regulation dynamics of the differential drive — in the case
that is shown with a low speed range of the rotor of the wind power plant of
approximately 2.6 times, the value of J;eq for a 2-stage differential gear relative to a 1-
stage differential gear 1s a drawback, which (a) requires a correspondingly larger sizing of
the differential drive and (b), if no corresponding compensation measures are taken,
because of the poorer regulating properties, results in higher loads on the wind power
plant and poorer power quality. Therefore, and also because of the higher gear costs and
losses, a 1-stage differential gear represents a technically possible altemative only
conditionally and only with a low nominal speed range relative to multi-stage solutions.

The same argument applies for Jq in general also during the selection of the
speed range. With a minimum rotor speed, Fig. 9 shows the multiplication factor f(J)
with which the value of the mass moment of inertia of the differential drive can be
multiplied to calculate the Jq of the differential drive, relative to the rotor shaft, at the
lowest rotor speed (Nmin).

To be able to compensate for speed jumps of the rotor of the wind power plant,

the differential drive has to be correspondingly oversized, which represents a significant
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cost factor with increasing J..4, i.€., with an increasing nominal speed range or with a

- multi-stage differential drive even at lower speed ranges.

Fig. 10 shows the required torque for the differential drive to be able to
compensate for a wind gust. If a wind gust that accelerates within 2 seconds from
4.5 m/s to 11.5 m/s 1s assumed, this will produce ~ as a function of the nominal speed
range of the rotor of the wind power plant — a speed jump of 5.6 to 10.3 rpm to the same
speed of 11.7 rpm for all nominal speed ranges. The differential drive has to follow this
speed jump, whereby the acceleration torque that is necessary for this purpose drops
corresponding to Jg and the size of the speed jump. It can be clearly seen that here
multi-stage differential gears make higher torque necessary because of the higher gear
transmission ratio. - |

An option with the uniform gear transmission of the differential gear to widen the
speed range of the rotor of the wind power plant and thus to increase the energy output is
the use of the so-called field-weakening range of electric differential drives such as in the

case of an, e.g., permanent magnet-activated synchronous three-phase a.c. machine with a

frequency converter.

The field-weakening range is any speed range that lies above the nominal speed
of the electric three-phase a.c. machine. For this nominal speed, the nominal torque or
the nominal tilting moment is also defined. In the tables and further descriptions, the
field-weakening area is defined as a percentage of the speed over the nominal speed
i.e., the, e.g., 1.5-times nominal speed corresponds to a field-weakening range of 50%.

By way of example, Fig. 11 shows the values for the maximum torque or tilting
moment of an electnc differential drive with a nominal speed of 1,500 rpm. It can be
clearly seen that the maximum achievable torques both at a speed that is equal to zero and
over the nominal speed are loWer. An essential characteristic of the wind power plants is

that, however, in the partial-load range, in the example that is shown, this corresponds to,

~ for example, motor operation; the required torques are significantly lower than the

maximum allowed. In generator operation, load reduction of the wind power plant is
necessary for speeds that are greater than, for example, 1,730 rpm, so that the allowed

maximum torques are not exceeded. Fig. 10 shows a field-weakening range of 80%,
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which reaches up to 1.8 tim s the nominal speed and which represents a technically
reasonable upper limit for the electric drive that is selected for the example.

It is worth mentioning here that, €.g., permanent magnet-activated synchronous

- three-phase a.c. machines have a very good efficiency in the field-weakening range,

which is a significant advantage in connection with the efficiency of the differential
drive.

The operation in the field-weakening range is possible for the three-phase a.c.
machines as a ﬁmctiozi of their design up to 50% to 60%, i.e., an approximately 1.5 times
to 1.6 times nominal speed without speed feedback; moreover, the use of, e.g., encoders
is necessary. Since the use of an encoder represents an additional error source and the so-
called torque or speed regulation without sensors is dynamically better, an optimum value
can be found between regulation dynamics and optimum annual energy output in the
determination of the field-weakening range. This means that with high mean wind

speeds and the associated extreme gusts, a field-weakening range can be selected that

allows the regulation without sensors to be able to compensate for these gusts

' accordingly. At low mean wind speeds with somewhat smalier gusts to be compensated

for, the optimum annual energy oufput is taken into account and therefore a largest-
possibie field-weakening range with speed feedback is selected. This also matches very

well the speed characteristic of the differential drive of a wind power plant, which at low

- wind speeds uses the largest possible speed range in the motor mode.

25

30

To venfy the effect of the size of the field-weakening range on the size of the
differential drive or the energy output of the wind power plant at various average annual
wind speeds, the field-weakening range of the differential drive can be varied at a set
speed range of the rotor of the wind power plant with simultancous adaptation of the
transmission of the differential gear.

Fig. 12 shows the maximum input torques for the differential drive and the size
factor y/x (multiplied by -5,000 for display purposes) as a function of the field-weakening
range. Starting from a field-weakening range of approximately 70%, optimal size factors

for the difterential drive and consequently also the smallest maximum torque (Mimax) are

- produced, whereby the absolute minimum is in a field-weakening range of 100%.
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Fig. 13 shows the difference of the gross energy output as a function of the field-
weakening range for various mean annual wind speeds. The optimum is reached in a
field-weakening range of between 100% to 120%. Based on these boundary conditions, a
field-weakening range is selected as 'a function of the conditions of use, but in each case
> 50%.

The mean annual wind speed is the yearly mean of the wind speed measured at

the height of the hub (corresponds to the center of the rotor). The maximum mean annual

wind speeds of 10.0 m/s, 8.5 m/s, 7.5 m/s and 6.0 m/s correspond to the so-called IEC

type classes 1, 2, 3 and 4. A Rayleigh distribution is adopted as a standard statistical
frequency distribution.

Moreover, it 1s worth mentioning that permanent magnet-activated synchronous
three-phase a.c. machines as a differential drive still have the advantage - in comparison
to three-phase a.c. machines of a different design — of having a small mass moment of
nertia in comparison to the nominal torque, which, as already described, proves
advantageous relative to the regulation of the wind power plant, with whiéh the expense
of a special design of the differential drive with a low mass moment of inertia is always
worthwhile. |

As an alternatiye, so-called reluctance machines also have a very small mass
moment of tnertia at, however, typically higher nominal speeds. It is known that
reluctance machines are extremely sturdy, which is especially positive for use in the off-

shore region.

In addition, the same also applies for the size of the differential drive also has, of
course, a significant effect on the overall efﬁéiency of the wind power plant. If the
above-described embodiments are taken into consideration, the basic finding indicates
that a Jarger speed range of the rotor of the wind power plant produces a better
aerodynamic etficiency, but, on the other hand, it also requires a larger sizing of the
differential drive. This in turn results in higher losses, which counteracts a better system

efficiency (determined by the aerodynamics of the rotor and the losses of the differential

drive).
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Fig. 14 shows the difference of the gross energy oﬁtput of the wind power plant
with an electric differential drive in various mean annual wind speeds as a function of the
nominal speed range of the rotor of the wind power plant. In this case, the gross energy
output 1s based on the exhaust gas supply of the rotor of the wind power plant minus the

losses of the differential drive (incl. the frequency converter) and the differential gear. A

nominal speed range of -/+ 6% is the basis, according to the invention, which is necessary

because of the minimum required regulation speed range in the nominal output range of

wind power plants with differential drives, whereby the nominal speed range means any

rotor-speed range that can be produced with nominal speed of the differential drive.
Moreover, a field-weakening range of up to 80% above the nominal speed of the
differential drive is adopted. From the layout, it is easy to detect that the optimum is
achieved in a nominal speed range of approximately -/+ 20%, and a widening of the
nominai speed range, moreover, 1s no longer advantageous.

Fig. 15 shows the difference of the gross energy output of the wind power plant

with a hydraulic differential drive at various mean annual wind speeds. Here, the

significantly higher losses in the case of hydraulic differential drives have a negative

effect on the energy output, by which a nominal speed range between the minimum
required -/+ 6% and the energy output optimum of -/+ 10% for regulation purposes at
high mean annual wind speeds (greater than 8.5 m/s) and -/+ 15% at lower mean annual
wind speeds seems reasonable. The kink in the curve at approximately ~/+ 12% of the
nominal speed range results from the high nominal torque of the‘ differential drive at a

speed that 1s equal to O in the nominal operating range of the wind power plant and the

low transmission in the adaptive reduction stage 4.

Ultimately, it is the purpose to develop a drive train that allows the lowest power

production costs. The points relevant to this in the optimization of differential drives are
(a) the gross energy output, (b) the production costs of the differential drive, and (c) the
quality of the torque or speed regulation of the wind power plant that influences the
overall production costs. The gross energy 'output forms proportionally to the power

production costs and thus in the economic efficiency of a wind park. The production

costs are in relation to the total production costs of a so-called wind park, but only with
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the percentage of the proportional capital costs of the wind power plant to the total costs

~of the wind park including maintenance and operating costs. On average, this wind
- power plant-specific proportion of the power production costs is approximately 2/3 in the

B so-called on-shore projects and is approximately 1/3 in off-shore projects. On average,

therefore, a percentage of approximately 50% can be defined. This means that a
difference in the annual energy oufput can be regarded as twice as high, on average, as
the difference in the production costs of the wind power plant. This means that when — in
the example that is shown of an electric differential drive — an optimum size factor is
alrcady set in a nominal speed range of approximately ~/+ 14% to -/+ 17%, this cost-
determining factor has less effect in peréentage on the power production costs than the
optimum energy output starting from a nominal speed range of approxifnately -1+ 20%.
Figure 16 shows the effects of different speed ranges on the power production ‘
costs of the wind park with a 1-stage differential gear and electric differential drive.

Here, for all wind speed conditions, a very good value can be found in a nominal number

range of between -/+ 15.0% and -/+ 20.0% and an optimum of approximately -/+ 17.5%.

Fig. 17 shows the effects of different speed ranges on the power production costs
of the wind park with a 2-stage differential gear (below a nominal speed range of

approximately -/+ 16.5%) with an electric differential drive. Primarily at lower mean

-annual wind speeds, the optimum here can also be found in a speed range of between

15.0% and 20.0%. In the case of mean annual wind speeds of greater than 8.5 m/s,
however, a smaller speed range of at least +/- 6% to approximately -/+ 10% also
represents an attractive vanant for regulation reasons. This means that multi-stage
differential gears at very high mean annual wind speeds are on a competitive basis with
1-stage solutions.

In the design of ditferential drives, however, still other important special cases
can be considered. Thus, for example, because of the constant ratio of rotor speed to the
speed on the differential drive, a failure of the differential drive can lead to serious
damage. One example is the failure of the differential drive at nominal operation of the
wind power plant. As a result, the transferable torque on the drive train simultaneously

moves toward zero. The speed of the rotor of the wind power plant in this case is
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preferably suddenly reduced by a quick readjusting of the rotor blade adjustment, and the

- generator 1s separated from the grid. Based on the relatively high mass inertia of the

generator, the latter changes its speed only slowly. As a result, if the differential drive
cannot maintain its torque at least partially without delay, an excess rotation speed of the
differential drive is unavoidable.

For this reason, ¢.g., when using hydrostatic differential drives, a mechanical

‘brake is provided, which in the case of the differential drive failing, prevents excess

rotation speeds that are damaging to the drive train. For this purpose, W02004/109157
Al shows a mechanical brake that acts directly on the generator shaft and thus can
accordingly brake the generator.

The permanent magnet-activated synchronous three-phase a.c. machines that were
already mentioned above in several places and that can be used in combination with a
frequency converter as a differential drive have the advantage that they are very fail-safe,
and a torque up to approximately the level of the nominal torque can be maintained
simply by short-circuiting the primary coil with or without electric resistors that are
connected in-between. This means that — €.g., in the case of a converter failure — the
synchronous three-phase a.c. machine can be automatically short-circuited by a simple
electrical switch (fﬁil-safe) and thus a torque is maintained, which at nominal speed can
have up to, for example, nominal value and correspondingly decreases with decreasing
speed, dropping toward O at very slow speeds. As a result, an excess rotation speed of the
differential drive is prevented in a simple way:.

Fig. 18 shows a possibility of short-circuiting a three-phase a.c. machine with
electric resistors that are connected m-between.

In the case of failure of the permanent magnet-activated synchronous three-phase
a.c. machine, the speed of the rotor is to be regulated in such a way that the speed of the
differential drive does not exceed a critical speed that damages the drive. Based on the

measured speeds of generators and rotors of the wind power plant, the speed of the rotor

- 18 regulated corresponding to the equation of speed for the differential gear

Speedgenenator = X * Speedrotor + ¥ * Speedpitreential Drive
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by means of rotor blade adjustment in such a way that the speed of the differential drive
does not exceed a specified critical boundary value.

If the regulation of the wind power plant fails, which under certain circumstances
can also have the result of a simultaneous failure of the rotor blade regulation and
regulation of the differential drive, the short-circuiting of the primary coil of the
permanent magnet-activated synchronous three-phase a.c. machine ensures that torque 1s
maintained, which prevents its excess rotation speed. A simultaneous failure of the
regulation of the wind power plant and the permanent magnet-activated synchronous
three-phase a.c. machine is not to be assumed.

When the wind power plant is, e.g., out of service, an undesirable acceleration of
the differential drive can also be prevented by short-circuiting the permanent magnet-
activated synchronous three-phase a.c. machine.

For the above-described reasons of the optimal wind power plant regulation - the
overall efficiency and the simple mechanical design of the differential gear that is at
optimum cost - the 1-stage differential gear represents the ideal technical solution. In this

connection, there are various approaches for the design integration of the differential

drive, .

Fig. 19 shows a possible variant embodiment according to this invention. The

rotor 1 drives the main gearbox 2, and the latter via the planetary carrier 12 drives the

~ differential stages 11 to 13. The generator 8 is connected to the hollow wheel 13, and the

- pinion gear 11 is connected to the differential drive 6. The differential gear is 1-stage,

and the differential drive 6 is in a coaxial arrangement both on the drive shaft of the main
gearbox 2 and on the drive shaft of the generator 8. Since the connection between the
pmnion gear 11 and the differential drive 6 goes through the spur-wheel stage and the
drive shaft of the main gearbox 2, the differential stage is preferably an integral part of
the main gearbox 2 and the latter 1s then preferably connected via a brake 15, which acts
on the rotor 1, and a coupling 14 is connected to the generator 8.

Fig. 20 shows another possible variant embodiment according to this invention.
The rotor 1 also drives the main gearbox 2 here, and the latter via the planetary carrier 12

drives the differential stages 11 to 13. The generator 8 is connected to the hollow wheel
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13, and the pinion gear 11 is connected to the differential drive 6. The differential gear 1s
I-stage, and the differential drive 6 is in a coaxial arrangement both on the drive shaft of

the main gearbox 2 and on the drive shaft of the generator 8. Here, however, a hollow

i shaft is provided with the generator 8, which makes it possible that the differential drive

is positioned on the side of the generator 8 that faces away from the differential gear. As
a result, the differential stage is preferably a separate assembly, connected to the
generator 8, which then is preferably connected to the main gearbox 2 via a coupling 14

and a brake 15. The connecting shaft 16 between the pinion gear 11 and the differential

~drive 6 can preferably be designed in a special variant with a low mass moment of inertia

as, e.g., a fiber-composite shaft with glass fibers or carbon fibers.

Significant advantages of the coaxial, 1-stage embodiment of both variants shown

are (a) the simplicity of the design of the differential gear, (b) the thus high efficiency of

‘the differential gear, and (c) the comparatively low mass moment of inertia of the

differential drive 6 relative to the rotor 1. Moreover, in the variant embodiment
according to Fig. 19, the differential gear can be fabricated as a separate assembly and
implemented and maintained independently from the main gearbox. Of course, the
differential drive 6 can also be replaced by a hydrostatic drive, but to do this, a second
pump element interacting with the hydrostatic differential drive has to be driven
preferably by the generator 8. -

For high mean annual wind speeds, an adaptive reduction stage 4 (as shown in
principle in Fig. 2 or 3) between differential stages 11 to 13 and the differential drive 6
can be implemented for the embodiments according to Figs. 19 and 20.

The variant embodiments according to Fig. 19 and Fig. 20 are distinguished
relative to the prior art accofding to Fi g. 4 essentially by the applicability of a standard
three-phase a.c. machine and the simple and economical design of the differential stage
that does not make any hollow-shaft solution for three-phase a.c. machines and pinion

gears necessary, and they have decisive advantages in relation to the rotor shaft (Jred)

relative to the mass moment of inertia with reference to the regulation of the wind power

- plant.
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The variant embodiments according to Fig. 19 and Fig, 20 are essentially

-distinguished, however, relative to the effects of a so-called emergency braking of the

wind power plant by means of the brake 15. If it is assumed that in the activation of the
brake 15, usually a brake torque of up to 2.5 times the nominal torque acts, then the latter
will act divided into rotor, generator and differential drive corresponding to their reduced

mass moments of inertia. The latter are naturally a function of the mass ratios of the

- designed wind power plants. As a realistic example, in the nominal operation of a SMW

wind power plant relative to the brake 15, approximately 1,900 kgm2 for the rotor 1,
approximately 200 kgm?2 for the synchronous generator 8, and approximately 10 kgm?2
for the differential drive 6 can be assumed. This means that a majority (approximately
90% or 2.2 times the rotor nominal torque) of the bréke torque acts on the rotor shaft of
the wind power plant. Since in the variant embodiment according to Fig. 19, the
differential drive now lies in the torque flux between the brake 15 and the rotor 1, it also
has to hold the approximately 2.2 times nominal torque corresponding to the constant
torque ratios between the rotor and differential drive.

An essential advantage of the variant embodiment according to Fig. 20 is that if

- the brake 15 fails, its brake torque will not act via the differential gear on the rotor that

- determines the mass moment of inertia. In this case, only about 9.5% of the brake torque

acts on the generator 8 and approximately 0.5% on the differential drive 6. By the
arrangement of the brake 15 and the differential gears 11 to 13 shown according to Fig,
19, the short-circuiting of the permanently activated synchronous three-phase a.c.
machine only makes sense for maintainin g the torque in the differential drive, since
otherwise, in case of emergency, a torque significantly exceeding its nominal torque
would be present. '

Figure 21 shows another possible embodiment of the differential gear. Here, in a
way that has already been shown, the planetary carrier 12 is driven by the main gearbox
2, but the generator 8 is connected to the pinion gear 11 and the hollow wheel 1s
connected to the electric differential drive that consists of the rotor 17 and the stator 18.
This variant embodiment also represents a coaxial, 1-stage solution, whereby gear-

engineering boundary conditions result in a relatively low speed of the rotor 15. In terms
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of control engineering, this has an especially positive effect with reference to the mass
moment of inertia of the differential drive 17 to 18 relative to the rotor 1.

The above-described embodiments can also be implemented in technically similar
applications. This primarily relates to hydro-electric power plants for exploiting nver
‘and ocean currents. For this application, the same basic requirements apply as for wind
pOwer plants, namely variable flow speed. The drive shaft in these cases is driven
directly or indirectly by the devices that are driven by the flow medium, for example

water. Subsequently, the drive shaft drives the differential gear directly or indirectly.
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CLAIMS:

. . Differential gear for an energy production plant, in particular for a wind powef
plant, with three drives and three power take-offs, whereby a first drive is connected td a
drive shaft of the energy production plant, a power take-off is connected to a generator
(8), and a second drive is connected to an electric machine (6) as a differential drive, and

whereby the first drive that is connected to the drive shaft rotates at a basic speed,

-~ characterized in that the speed range of the first drive is at least -/+ 6.0% and at most

-/+ 20.0% of the basic speed; while the electric machine (6) is operated at nominal speed.

2, Differential gear for an energy production plant, in particular for a wind power
plant, with three drives and three power take-offs, whereby a first drive is connected to a
drnive shaft of the énergy production plant, a power take-off is connected to a generator
(8), and a second drive is connected to a hydraulic differential drive (6), and whereb‘y the
first drive that is connected to the drive shaft rotates at a basic speed, wherein the speed
range of thé first drive is at least -/+ 6.0% and at most -/+ 15.0% of the basic speed, while
the hydraulic differential drive (6) is operated at nominal speed. ‘

3. Differential gear according to Claim 1 or 2, wherein the speed range is at least -/+
7.0% of the basic speed.

4. Differential gear according to Claim 1 or 2, wherein the speed range is at least -/+
8.0% of the basic speed.

5. Differential gear according to one of Claims 1 or 2, wherein the speed range is at
least -/+ 10.0% of the basic speed.

6. Differential gear according to Claim I, wherein the speed range is at most
~/+ 17.5% of the basic speed.
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7. Differential gear according to Claim 1, wherein the speed range is at most

§/+ 15.0% of the basic speed.

8. Differential gear according to one of Claims 1 to §, wherein the speed range 1s at

most -/+ 14.0% of the basic speed.

9. Differential gear according to one of Claims 1 to §, wherein the speed range 1s at

most -/+ 10.0% of the basic speed.

10. Differential gear according to Claim 1, wherein the electric machine (6) is a three-

- phase a.c. machine.

11.  Differential gear according to Claim 10, wherein the electric machine (6) 1s a

permanent magnet-activated synchronous three-phase a.c. machine.

'12.  Differential gear according to one of Claims 1 to 11, wherein the second drive is

connected directly to the differential drive (6).

13.  Energy production plant, in particular a wind power plant, with a drive shaft, a
generator (8) and with a differential gear (11 to 13), wherein the differential dnive (11 to
13) is designed according to one of Claims 1 to 12.

14.  Energy production plant according to Claim 13, wherein 1t has only one

differential stage (11 to 13).

~15.  Energy production plant according to one of Claims 1 to 14, wherein it has a one-

stage differential gear (3).

16.  Energy production plant according to one of Claims 1 to 14, wherein it has a

multi-stage differential gear (3, 4).
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17. Method for operating a differential gear for an energy production plant, in
partlcular for a wind power plant, with three drives and three power take-offs, whereby a
first drive is connected to a drive shaft of the energy production plant, a power take-off is
connected to a generator (8), and a second drive is connected to an electric machine (6) as
a differential drive, and whereby the first drive that is connected to the drive shaft rotates
at a basic speed, wherein the first drive is driven in a speed range of at least -/+ 6.0% and

- at most -/+ 20.0% of the basic speed, while the electric machine (6) is operated at

nominal speed.

18.  Method for operating a differential gear for an energy production plant, in

l particular for a wind power plant, with three drives and three power take-offs, whereby a
first drive is connected to a drive shaft of the energy production plant, a power take-off is
connected to a generator (8), and a second drive is connected to a hydraulic differential
drive (6), and whereby the first drive that is connected to the drive shaft rotates at a basic
- speed, wherein the first drive is driven in a speed'range of at least -/+ 6.0% and at most

-/+ 15.0% of the basic speed, while the hydraulic differential drive (6) is operated at

nominal speed.

19.  Method according to Claim 17 or 18, wherein the speed range is at least
-1+ 7.0% of the basic speed.

20.  Method according to Claim 17 or 18, wherein the speed range is at least
-/+ 8.0% of the basic speed.

21. Method according to Claim 17 or 18, wherein the speed range is at least
-+ 10.0% of the basic speed.

22.  Method according to Claim 17, wherein the speed range is at most -/+ 17.5% of
the basic speed.
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23.  Method according to Claim 17, wherein the speed range 1s at most -/+ 15.0% of
‘the basic speed.

24.  Method according to one of Claims 17 to 23, wherein the speed range is at most -
/+ 14.0% of the basic speed.

25.  Method according to one of Claims 17 to 23, wherein the speed range is at most -
/+ 10.0% of the basic speed.

26.  Method according to Claim 17, wherein the electric machine (6) can be operated
in the field-weakening range, and wherein the electric machine (6) is operated at least at

times in a field-weakening range of at least 50%.

27.  Method according to Claim 26, wherein the electric machine (6) is operated at

least at times in a field-weakening range of at least 60%.

28.  Method according to Claim 26, wherein the electric machine (6) is operated at

Jeast at times in a field-weakening range of at least 70%.

29.  Method according to Claim 26, wherein the electric machine (6) is operated at

least at times in a field-weakening range of at least 80%.

30. Method according to one of Claims 26 to 29, wherein the electric machine (6) 1s

operated at least at times in a field-weakening range ot up to 100%.

31.  Method according to one of Claims 26 to 29, wherein the electric machine (6) 1s

operated at least at times in a field-weakening range of up to 120%.

32. ‘Method according to one of Claims 26 to 31, wherein the electric machine (6) is

operated without sensors. '
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33, Method according to one of Claims 26 to 31, wherein the electric machine (6) is

operated with a sensor.

34,  Method according to Claims 32 and 33, wherein the electric machine (6) is

operated partially with and partially without sensors.

35.  Method according to one of Claims 32 to 34, wherein the electric machine is

operated above a field-weakening range of 50% with a sensor.

36. Method aécording to one of Claims 32 to 34, wherein the electric machine is

operated below a field-weakening range of 60% without a sensor.
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