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(57) ABSTRACT 

A Wind turbine With an array of rotors arranged at various 
heights. Each rotor is optimized for the height at Which it is 
located. Optimization of each rotor could include selection 
of rated poWer, solidity, tip speed, blade tWist, blade taper, 
or rotor diameter. Each rotor can also be operated in a 
manner that is optimized for the Wind speed it experiences. 
Optimized operation parameters could include blade pitch 
angle or rotor speed. 
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VERTICAL ARRAY WIND TURBINE 

RELATED APPLICATIONS 

[0001] This application is a Continuation of co-pending 
US. patent Application Ser. No. 10/092,775 Which Was ?led 
on Mar. 7, 2002. 

FIELD OF THE INVENTION 

[0002] The invention relates to the ?eld of Wind turbine 
generators. Speci?cally, the invention relates to an array of 
Wind turbine rotors on a single toWer that are individually 
optimiZed to improve the economics of the entire system. 

BACKGROUND OF THE INVENTION 

[0003] Wind turbines have gained Widespread use for 
electricity generation in recent years. The cumulative capac 
ity of Wind turbines installed WorldWide has groWn at a rate 
of approximately 32% per year over the past ten years. As 
of the end of 2001, the total installed capacity of Wind 
turbines WorldWide added up to over 20,000 MW. Future 
groWth prospects for the industry are bright, although the 
economics of Wind energy must continue to improve for the 
market to groW. There are signs that the potential for 
economic gains from current Wind turbine technology is 
constrained. 

[0004] As the market for Wind turbines has groWn in 
recent years, the siZe of the turbines has also groWn. FIG. 1 
shoWs the typical rotor diameter and rated poWer for state of 
the art Wind turbines that have been installed in Europe over 
the past 15 years. Most Wind turbine manufacturers have 
recently introduced turbine designs in the range of 1.5 to 2.5 
MW With rotor diameters of 66 to 80 m. Even larger turbines 
are on the draWing boards of most Wind turbine manufac 
turers. The trend toWard larger turbines has been driven 
partly by technological and economic improvements, but the 
trend has largely been driven by market demand. Bigger 
Wind turbines have proven to be more productive than 
smaller designs, largely due to the taller toWer heights of the 
larger machines. Also, there is an economy of scale that 
favors large turbines because there are certain ?xed costs 
associated With road construction, project planning, SCADA 
equipment, and operations and maintenance that do not 
increase With larger turbines. HoWever, large turbines are 
also considerably more expensive than smaller machines 
and the economy of scale does not completely explain the 
trend to multi-megaWatt siZe Wind turbines. Project devel 
opers have demanded larger Wind turbines at least partly due 
to perception issues. In Europe, Where population density is 
relatively high compared to the United States, it is easier to 
obtain permits for feWer large turbines compared to a larger 
number of small turbines. Also, as Wind turbines are 
installed offshore, there is a groWing market for very large 
turbines to be used in that market. 

[0005] As the siZe of Wind turbines groWs, there are 
several technical issues that adversely affect the economics 
of Wind energy and that can potentially lead to constraints in 
turbine siZe. Basic design principles indicate that the Weight 
of the turbine increases approximately With the cube of the 
rotor diameter. System cost is generally proportional to the 
turbine’s Weight and so the cost of the turbine increases 
approximately With the rotor diameter cubed. The turbine 
Weight and cost increase faster than the energy capture, 
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Which increases With the rotor diameter squared. For rela 
tively small turbine siZes, there are other economies of scale 
that outWeigh the increase in turbine Weight and cost, 
hoWever for turbines over approximately one megaWatt in 
siZe the economies of scale are outWeighed. 

[0006] Another problem With large Wind turbines is blade 
de?ection. The Wind turbine rotor is typically oriented 
upWind of the toWer so that the blades bend doWnWind 
toWard the toWer. The turbine designer must take care so that 
the blade does not strike the toWer, thereby causing cata 
strophic failure. The blade’s stiffness, de?ned by the mate 
rial modulus of elasticity multiplied by the cross-sectional 
moment of inertia, or El, increases as the blade becomes 
longer. HoWever, the loads that cause de?ection also 
increase for longer blades. If all of the blade’s dimensions 
are scaled proportionately to the blade length, then El 
increases With the blade length to the fourth poWer Whereas 
the bending moment increases With the blade length to the 
third poWer. This Would lead to loWer de?ection for longer 
blades. HoWever, practical considerations such as tooling, 
blade Weight, and material cost constrain the design so that 
the blade’s chord and thickness are smaller relative to the 
blade’s length for large rotors. This causes a higher aspect 
ratio and loWer solidity for large rotors. The loWer solidity 
requires a higher tip speed for good aerodynamic perfor 
mance and the higher tip speed can lead to increased 
centrifugal stiffening of the blade Which reduces blade 
de?ection. HoWever, noise issues tend to constrain tip speed 
ratio so that centrifugal stiffening is less for very large rotors. 
De?ection thereofore becomes the design driver for very 
large rotors. Blade de?ection can be mitigated by using large 
uptilt of the Wind turbine nacelle. HoWever, Wind turbine 
designers are already using high (7 degrees) uptilt and 
negative coning to avoid toWer strikes. Some blades are even 
being built curved to incorporate effective negative coning. 
All of this points toWard blade de?ection becoming a 
limiting design criteria for very large Wind turbine rotors. 

[0007] Another issue With very large rotors is that there is 
a large amount of composite material in each blade Which 
can lead to material problems. Statistically, there is a higher 
probability of a defect existing in a large blade than in a 
small blade. If a defect is built into a blade, it can propogate 
to become a crack Which Will eventually lead to the blade’s 
failure. As the thickness of the blade’s laminate increases, it 
becomes more and more dif?cult to detect ?aWs in the 
material. Therefore, very large Wind turbine blades may 
have a higher statistical probability of failure than a larger 
number of smaller blades. 

[0008] Another issue for very large Wind turbines is trans 
portation and installation logistics. The long blade lengths 
being used on multi-megaWatt Wind turbines can exceed the 
capacity of public roads. Also, the toWer heights necessary 
to support the large rotors can exceed the height capacity of 
cranes that are readily available. 

[0009] Another problem experienced by the large Wind 
turbines that are currently under development or being sold 
is that the rotors are so large that they experience a massive 
differential in Wind speed from one side of the rotor to the 
other. Vertical Wind shear exponents in the MidWest have 
been measured as high as 0.40 Which can cause the Wind 
speed across a 70 m rotor to vary by 62% from bottom to top 
if the turbine is mouted on a 65 m toWer. The variation in 
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Wind loading is even more severe since loads are generally 
proportional to Wind speed squared. In the example given, 
the bending load due to the Wind at the top of the rotor Would 
be 262% higher than the bending load due to the Wind at the 
bottom of the rotor. Since each blade moves through this 
shear ?eld, they are subjected to extreme fatigue loading 
conditions. From an energy standpoint, things are even 
Worse. Energy in the Wind is proportional to Wind speed 
cubed Which means that the energy content in the Wind at the 
top of the rotor is 425% higher than the energy content at the 
bottom of the rotor. 

[0010] Since all of the blades have the same rotational 
speed and pitch angle, it means that the entire rotor must be 
optimized for an average Wind that is “seen” by the entire 
rotor. The rotor speed and blade pitch that Work best for the 
Wind speed at the rotor’s center may not Work Well at all for 
the portions of the rotor at the top and bottom. Therefore, at 
least part of the rotor Will be operating in a sub-optirnal 
condition Whenever a Wind shear is present. This problem is 
made Worse as the turbine’s rotor diarneter gets larger. 

[0011] The issue of Windspeed variation across the rotor 
also has negative implications for selecting an appropriate 
turbine for a given site. Wind turbine rnanufacturers gener 
ally offer their equipment With a range of rotor diarneters for 
a given poWer rating or, conversely, With a range of poWer 
ratings for a given rotor diarneter. For example, a 750 kW 
turbine may be sold With an option for a 46 In, 48 In, or 50 
In rotor for high Wind, rnoderate Wind, and loW Wind sites 
respectively. Conversely, a company may offer a variety of 
poWer trains and generators With various poWer ratings for 
a turbine With a ?xed rotor siZe. For example, a Wind turbine 
With a 48 In rotor may be sold as a 600 kW, 700 kW, or 800 
kW turbine for loW speed, rnoderate speed, or high Wind 
speed sites respectively. When the Wind turbine’s rotor 
groWs to be very large, it is more dif?cult to tailor the poWer 
rating and rotor diameter to ?t the site. A turbine With a 70 
In rotor diarneter may experience an annual average Wind 
speed of 6 rn/s at the bottom tip of the rotor, 8 rn/s at hub 
height, and 10 rn/s at the upper tip of the rotor. Based on the 
annual average Wind speed at the bottom tip of the rotor the 
turbine should be optimized for a loW Wind speed site, based 
on the annual average Wind speed at hub height the turbine 
should be optimized for a moderate Wind speed, and based 
on the annual average Wind speed at the upper tip of the rotor 
the turbine should be optimized for a high Wind speed site. 
Whichever rotor is selected, it Will not be optimized for the 
entire rotor disk area. 

[0012] As Wind turbines groW very large there are several 
problems Which need to be solved. First, the Weight and cost 
of the turbine groW disproportionately for a very large rotor 
diarneter. It Would be desirable to provide a rnulti-rnegaWatt 
Wind turbine With a Weight per unit of rotor sWept area that 
is comparable to smaller turbine designs. Second, blade 
de?ection becomes a problem and limits the rotor design for 
very large Wind turbines. It Would be desirable to provide a 
rnulti-rnegaWatt Wind turbine in Which blade de?ection is 
not a problem. Third, large Wind turbine rotors have a 
greater statistical probability of material defects in the 
blades compared to smaller Wind turbines. It Would be 
desirable to provide a rnulti-rnegaWatt Wind turbine that does 
not require massive amounts of material in the blade roots 
leading to higher statistical probability of material defects. 
Fourth, transportation and construction logistics are prob 
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lernatic for very large Wind turbines. It Would be desirable to 
provide a rnulti-rnegaWatt Wind turbine that does not utiliZe 
rnassive blades and other components so that they can be 
easily transported and erected. Fifth, large Wind turbines 
experience rnassive Wind speed variations across their rotors 
so that at least a portion of the rotor is likely to be operating 
in sub-optirnal conditions for the Wind speed it is experi 
encing. It Would be desirable to provide a rnulti-rnegaWatt 
Wind turbine in Which the entire rotor area is optimized for 
the Wind speed that it “sees.” 

SUMMARY OF THE INVENTION 

[0013] The present invention solves the problems of the 
prior art Wind turbines by utiliZing a plurality of smaller 
rotors mounted on a single toWer. The rotors are at various 
heights on the toWer so that they each “see” different Wind 
speeds. Accordingly, each rotor is optimized for its Wind 
speed. 
[0014] The individual rotors are more cost-effective than 
one rnassive rotor in that the combined Weights and costs of 
the plurality of small rotors are less than the Weight and cost 
of one rnassive rotor. Furthermore, because the rotors are 
mounted on a single toWer, only one foundation, access road, 
and electrical connection are required, thereby providing 
cost savings over a plurality of smaller turbines on indi 
vidual toWers. Therefore, the turbine of the present invention 
provides the economy of scale that can be obtained With a 
very large turbine, but it also avoids the disadvantages 
associated With a massive rotor. 

[0015] Another advantage of the present invention is that 
each of the plurality of rotors is optimized for its individual 
Wind regirne. Each rotor can have a unique poWer rating 
relative to its sWept area. In this Way, the blades, hubs, pitch 
assemblies, and main bearings are similar for all of the rotors 
and are interchangeable as spare parts. HoWever, the drive 
train and generator for each rotor Would be unique. Other 
parameters that could be optimized for each rotor include its 
solidity and tip speed, although if the rotors are to be 
interchangeable then the solidity must be consistent arnong 
rotors. Generally, the rotors toWard the top of the toWer have 
a higher poWer rating, a higher tip speed, and optionally a 
loWer solidity. This alloWs each rotor to extract the maxi 
mum possible amount of energy out of the Wind for the Wind 
resource that it “sees.” The energy extracted by a plurality of 
small rotors is greater than the energy extracted by a single 
rnassive rotor because each of the smaller rotors can be 
better tailored to its unique Wind resource. 

[0016] Each of the rotors is also controlled individually for 
the local Wind speed that it experiences. Control parameters 
can include cut-in, cut-out, rotor speed, and blade pitch. By 
controlling each rotor individually it is possible to achieve a 
higher overall ef?ciency compared to controlling a single 
rnassive rotor based on the average Wind speed that the rotor 
sees. Each rotor is controlled to be at the appropriate rotor 
speed and blade pitch to maintain peak ef?ciency. This 
alloWs the entire system to operate at peak ef?ciency for the 
entire range of Wind speeds experienced from the loWest 
rotor to the highest rotor. In contradistinction, a single large 
rotor can only be controlled to operate at peak ef?ciency for 
one height and one Wind speed While much of the rotor 
operates at loWer ef?ciency. 

[0017] The present invention has further advantages in 
terms of availability and maintenance. When a very large 
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Wind turbine faults of?ine, its entire production is lost. In 
contrast, one of the rotors of the present invention can fault 
offline with the resulting loss of only a small fraction of the 
total output. For example, if a 1.5 MW Wind turbine expe 
riences a bloWn fuse or some other relatively minor failure, 
the entire turbine is shutdoWn With the loss of 1.5 MW of 
poWer production. A comparable Wind turbine system 
according to the present invention may include 15 rotors 
each With an output of 100, 200, 300, or 400 kW upon each 
rotor’s hub height in the vertical array. If a fuse or other 
minor part fails even in the uppermost rotor, then the lost 
output is only 400 kW and the system can continue to 
produce 3500 kW out of the total system rated poWer of 
3900 kW. 

[0018] From a maintenance point of vieW, the present 
invention’s larger number of small rotors alloWs the opera 
tors to keep a more complete selection of spare parts. For 
instance, if an operator is in charge of a 30 MW Wind farm 
that consists of 20 turbines each rated at 1.5 MW they are not 
likely to keep any spare blades, generators, or gearboxes on 
hand. If one of those components experiences a failure, the 
operator must Wait for the turbine manufacturer to supply 
another part and the turbine may be shut doWn for Weeks. By 
contrast, if the operator Was in charge of a 30 MW Wind farm 
consisting of 20 turbines according to the present invention 
Where each turbine has 15 rotors rated at 100 to 400 kW 
each, the operator Would have a total of 300 sets of blades, 
generators, and gearboxes in operation. He could more 
easily justify having a spare set of components on hand 
because the cost of the set of spares Would be loWer in 
relation to the total cost of the Wind farm. 

[0019] Another maintenance advantage of the present 
invention is that it does not require a massive crane as prior 
art turbines do. Turbines that are being erected today in the 
1.5 to 2 MW siZe range require cranes With capacities of 
over 500 tons that are very expensive to mobiliZe. By 
comparison, each of the smaller rotors on the Wind turbine 
of the present invention can be lifted using a much smaller 
crane that is locally available and can be mobiliZed for a 
small fee. Maintenance can be further facilitated if each 
array of Wind turbine rotors includes a boom-car crane. The 
boom-car crane could be located on top of the toWer and 
could be used to remove and replace any of the rotors 
Without the assistance of a separate crane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] Other features and advantages of the invention Will 
be apparent from the folloWing Detailed Description taken 
in conjunction With the accompanying draWings, in Which: 

[0021] FIG. 1 is a graph shoWing the trend toWard larger 
Wind turbine rotors in recent years. 

[0022] FIG. 2 is a prior art Wind turbine. 

[0023] FIG. 3 is an elevation vieW of a ?rst embodiment 
of the present invention. 

[0024] FIG. 4 is a three-bladed version of the rotor of the 
present invention. 

[0025] FIG. 5 is a tWo-bladed version of the rotor of the 
present invention. 

[0026] FIG. 6 is an elevation vieW of a second embodi 
ment of the present invention. 
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[60027] FIG. 7 is a sectional vieW along lines 7-7 of FIG. 

[60028] FIG. 8 is a sectional vieW along lines 8-8 of FIG. 

[60029] FIG. 9 is a sectional vieW along lines 9-9 of FIG. 

[0030] FIG. 10 is a front elevation vieW of a third embodi 
ment of the present invention. 

[0031] FIG. 11 is a plan vieW of the third embodiment of 
the present invention. 

[0032] FIG. 12 is a side elevation vieW of the third 
embodiment of the present invention. 

[0033] FIG. 13 is a schematic vieW of a fourth embodi 
ment of the present invention. 

[0034] FIG. 14 is a schematic vieW of a ?fth embodiment 
of the present invention. 

[0035] FIG. 15 is a schematic vieW of a sixth embodiment 
of the present invention. 

[0036] FIG. 16 is a schematic vieW of a seventh embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0037] FIG. 2 shoWs a Wind turbine according to the prior 
art. The turbine includes a set of blades 2, a hub 4 a nacelle 
6, and a toWer 8. Prior art turbines can include any number 
of blades 2, although three blades is the most common 
con?guration. The blades 2 can be oriented upWind or 
doWnWind of the toWer 8, although upWind is the most 
common and most ef?cient con?guration. A yaW system is 
provided to alloW rotation betWeen the nacelle 6 and the 
toWer 8 so that the nacelle 6 can be aligned With the Wind 
direction. The rotor diameter is de?ned as tWo times the 
length of a blade 2 plus the diameter of the hub 4. Typical 
rotor diameters for commercially available Wind turbines 
have groWn signi?cantly over the past 15 to 20 years. In the 
mid 1980s, state of the art commercially-available Wind 
turbines had rotor diameters of approximately 20 meters and 
poWer ratings of approximately 100 kW. In 2001, the 
average siZe of Wind turbines installed in Germany Was 1284 
kW, and the US market utiliZed turbines of similar siZes in 
2001. The trend toWard larger turbines seems to be continu 
ing and it is not clear When the manufacturers Will stop 
increasing the siZes of their Wind turbine designs. 

[0038] As Wind turbine rotors groW to larger siZes, the 
economics are adversely affected. The Weight and cost of the 
blades 2, the hub 4, and other components of the turbine are 
proportional to the rotor diameter cubed. HoWever, the 
sWept area of the rotor, and hence the energy capture, are 
only proportional to the rotor diameter squared. Therefore, 
as the rotor gets larger, the energy produced gets more 
expensive. There are some economies of scale for larger 
turbines, such as the reduced number of foundations and the 
reduced amount of electrical cable required to interconnect 
the turbines. HoWever, those economies of scale are out 
Weighed for turbines above approximately 750 kW to 1 MW. 
The market for Wind turbines has demanded increasingly 
large machines due to aesthetic concerns in Europe and 
because of the possibility for offshore Wind projects Where 










