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LOW COST WIND TURBINE 

[0001] This invention pertains to a loW cost small Wind 
turbine that provides increased energy generation at loW cost 
and desirable dynamic rotational performance While operat 
ing With loW noise, easy installation and aesthetically pleas 
ing appearance. 

BACKGROUND OF THE INVENTION 

[0002] Use of Wind turbines for electrical energy genera 
tion is currently groWing because of their economical poWer 
production and environmental bene?ts. Large Wind turbines, 
located in off shore or remote Wind farms are increasingly 
being installed WorldWide. They can produce megaWatts of 
electric poWer With loWer costs than many other types of 
poWer production, and they do not pollute. 
[0003] Another application for Wind turbines is in small 
Wind turbines, typically of 10 kiloWatts peak poWer or less. 
Such small Wind turbines have been deployed on farms for 
providing some electricity production but their use has gen 
erally been limited. An additional emerging market opportu 
nity for small Wind turbines is in urban and suburban instal 
lations. In these installations, customers expect to be able to 
produce some of their oWn electric poWer and offset their 
utility bills through net metering. Urban and suburban Wind 
turbines Will be located Where people live, With installations 
on rooftops, in yards and along roadsides. They Will minimiZe 
electricity transmission losses and the need for additional 
transmission lines. 
[0004] Unfortunately, small Wind turbines currently suffer 
from substantial de?ciencies that limit their use and are pre 
venting their Widespread adoption. Small Wind turbines are 
currently much too expensive for the energy that they pro 
duce. They have less than ideal energy capture, conversion 
and e?iciency. They typically employ complex and very 
costly constructions. Most small Wind turbines are also noisy 
and require the use of toWers that are unsightly and di?icult to 
Zone and install, both limiting their suitability for urban and 
suburban installations. Other de?ciencies include noisy 
operation, rotor turbulence sensitivity, overspeed structural 
failure potential and avian-unfriendliness. Accordingly, a 
neW type of loW cost Wind turbine is needed. 

SUMMARY OF THE INVENTION 

[0005] The invention provides a loW cost Wind turbine that 
affords substantially increased energy generation per cost, 
along With much more desirable operating characteristics that 
alloW for Widespread deployment in rural, suburban and 
urban locations. The vertical axis Wind turbine is constructed 
With a pole adapted to be installed in a vertical orientation, a 
drag propelled cross-Wind harnessing rotor mounted on the 
pole, and an electric generator driven by the turbine. The rotor 
comprises tWo axially elongated, radially curved, ?xed and 
axially untWisted rotor vanes mounted such that the rotor 
incurs a very high aspect ratio having a length, L, and diam 
eter, D, Wherein SEL/D. The rotor is constructed from thin 
replaceable vane sheets that form tWo curved vanes and are 
each supported along their vertical length by vertically 
extending rigid vane supports that are located at tWo different 
radial locations on the rotor. The vane supports support the 
vane sheets and provide transfer of the Wind induced torque 
along the vane sheet length to the generator. The rotor further 
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comprises multiple radial rib members that extend betWeen 
the rigid vane supports at several different axial locations 
along the vertical length of the rotor. The radial rib members 
increase the radial bending stiffness of the rotor vanes in 
rotational operation. The rotor is supported to rotate about the 
pole by upper and loWer bearings such that the pole operates 
as a stationary center shaft. The generator is located at one end 
of the rotor and is connected thereto to convert rotational 
energy of the rotor at the same rotational speed. 

[0006] The combination of the turbine attributes has been 
found to provide an environmentally desirable and signi? 
cantly loWer cost small Wind turbine. This loW cost Wind 
turbine is a vertical axis Wind turbine With a drag-propelled 
rotor having a high aspect ratio. Coupled to the rotor is a 
generator for production of electric poWer. NeW Wind turbines 
for potential installation in urban and suburban locations 
should be quiet. Drag propelled cross-Wind harnessing Wind 
turbines provide a potential signi?cant advantage in that they 
operate at a loW tip speed ratio. The tip speed ratio is the ratio 
of the speed of the tip of the rotor blade divided by the speed 
of the Wind. Drag propelled Wind turbines typically operate 
With tip speed ratios of under 2.1 Whereas conventional small 
horiZontal axis propeller type Wind turbines have tip speed 
ratios from betWeen 7 to 10. High tip speed ratio rotors cause 
noise as the blades push through the air. As a result, drag 
propelled Wind turbines provide signi?cantly quieter and 
even silent operation. They also instantly generate poWer 
from any direction Wind and do not require tracking to face 
the turbine into the Wind to generate poWer. 

[0007] Unfortunately, the loW tip speed ratio of drag pro 
pelled Wind turbines also results in a signi?cant disadvantage. 
To date, they have not gained Widespread commercial accep 
tance. Most experts in the art agree that drag propelled Wind 
turbines are inferior to horizontal axis propeller-type Wind 
turbines, and they are not proponents of the commercial 
viability these types of Wind turbines. Drag propelled turbines 
have typically had loWer poWer coef?cients and they have 
resultantly required use of a larger and heavier rotor. Further, 
they operate at loWer speeds. LoW rotational speeds require a 
much larger and more costly generator to generate the equiva 
lent amount of electrical poWer. The generator costs limit the 
use of the Savonius or other types of drag propelled cross 
Wind harnessing Wind turbines. The speed could potentially 
be increased through the use of a gearbox or transmission. 
HoWever, this Would have the adverse effects of unacceptable 
operating gear noise, maintenance and reliability issues, and 
increased cost. 

[0008] To overcome the issues of loW rotational speed of a 
drag propelled Wind turbine, the Wind turbine in accordance 
With this invention has a substantially reduced the rotor diam 
eter and the rotor length is substantially increased. The total 
vane area can be maintained su?icient to capture the desired 
energy from the Wind; hoWever the reduced diameter affords 
a substantial increase in the rotational speed of the rotor and 
a substantial reduction in the cost of the generator. Because 
the rotor tip speed ratio can remain unchanged, for a given 
Wind speed, the rotational rate increases linearly With reduced 
rotor diameter. In comparison With a conventional horizontal 
axis propeller Wind turbine, the diameter of the drag-pro 
pelled rotor can be constructed approximately 4-5 times 
smaller. The rotational rate of the generator can actually be 
equivalent to that of an equivalently rated conventional Wind 
turbine having a high tip speed ratio. The loW cost Wind 
turbine virtually eliminates the operating noise. Additional 
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bene?ts also include the lack of a required tower, omni direc 
tional Wind power generation, reduced Wind turbulence sen 
sitivity, and importantly a more aesthetically pleasing Wind 
turbine compatible for Widespread deployment. 
[0009] The high aspect ratio of the drag propelled Wind 
turbine results in several construction and operational issues 
that are problematic. One issue is a very ?exible and long 
length rotor. Obtaining smooth and reliable dynamic opera 
tion of the rotor and insuring a structurally adequate construc 
tion With this design is important to trouble-free operation 
and commercial viability. Considerations to achieve loW costs 
for the Wind turbine include minimiZing the Weight of the 
Wind turbine to reduce the material, shipment, and manufac 
turing costs, and design for simpli?ed construction and 
assembly and the employment of loW cost materials. While 
meeting these goals, the design also should alloW for high 
rotor rotational speed, long rotor length and long distance for 
torque transfer from the turbine vanes. 

[0010] To address and solve these issues, the rotor is con 
structed from thin vane sheets that form tWo curved vanes and 
are each supported along their vertical length by vertically 
extending rigid vane supports that are located at tWo different 
radial locations on the rotor. The vane supports support the 
thin vane sheets and provide transfer of the Wind induced 
torque along the vane sheet length to the generator. Multiple 
radial rib members extend betWeen the rigid vane supports at 
several different axial locations along the vertical length of 
the rotor. In an additional embodiment, the radial rib mem 
bers are located on the leading face of the vanes. In this 
con?guration, the ribs can utiliZe a curved pro?le that induces 
the curved shape to the thin vane sheets. 

[0011] The small Wind turbine provides a rotor that is light 
Weight and Wherein the vanes are replaceable. The reduced 
Weight, reduces the costs, facilitates shipping and makes 
installation easier. A preferred construction is to construct the 
rotor van supports from thin Wall metal pipe and to produce 
the vane sheets from extruded plastic sheet. This sheet comes 
on rolls Weighing from 500-2000 lbs, is ?at and very loW cost. 
Plastics have a density that is about 1/7”’ that of steel. The 
plastic also costs roughly $2.00/lb Which is more than ten 
times less costly than a composite material rotor. The vane 
sheets are easily replaceable When required because of UV 
degradation, Weathering or operational damage. They are 
producible in any color, including clear. Additional advan 
tages of the plastic vanes are that they provide near silent 
operation, Whereas large metal vanes can act like drums and 
be exceedingly noisy and can be dented. The vane material is 
preferably a high toughness and good UV stability material. 
HDPE and polycarbonate have been found to be good mate 
rials. One issue With utiliZing a ?at extruded vane panels is 
that they are not in the correct airfoil shape to garner maxi 
mum energy capture from the Wind. Further, they have loW 
strength and loW stiffness, preventing operation and the abil 
ity to maintain shape. HoWever, the vane supports provide the 
required structural strength and stiffness to operate the tur 
bine in high Winds. The vane supports prevent the outer edges 
of the vanes from boWing outWard and loosing shape. Further, 
they contain the vane sheets against the centripetal accelera 
tion, Which otherWise Would tend to make them ?y off. 
[0012] A preferred con?guration for the vane supports is to 
utiliZe holloW tubes. The tubes can be provided With axial 
slots for containing the vanes. It is conventionally believed 
that the leading and trailing edges should be made sharp so as 
to garner high energy capture e?iciency With the rotor. As a 
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result, the use of tubes at the leading and trailing edges or 
edges of the vanes sheets Would appear to be a poor construc 
tion. Surprisingly, We have found that that the use of tubes 
supporting the vanes edges does not substantially impact the 
rotor poWer coef?cient. The reason for the continued high 
rotor poWer coe?icient is that drag propelled cross-Wind har 
nessing operate by harnessing poWer throughout the Whole 
rotation of the rotor. At loW incident Wind angles, typically 
0-45 degrees, the rotor utiliZes lift. At higher angles per half 
revolution, the rotor utiliZes primarily drag. The effect of the 
leading edge on the energy capture Would only affect the lift 
portion as it can cause ?oW separation from the vane. HoW 
ever, analysis of the ?oW shoWs that ?oW separation primarily 
only occurs at the angles not producing appreciable lift any 
Way, so they do not provide a signi?cant deleterious effect as 
Would be expected. 
[0013] The rotor pro?le is preferably designed to maximiZe 
the poWer coe?icient. Modi?ed Savonius rotors increase the 
poWer coef?cient by increasing the lift contribution to the 
torque production When at the loW incidence angles. A drag 
propelled Wind turbine Would be considered as any cross 
Wind harnessing turbine that uses drag for a portion of its 
operation, or has the ability to self-start. Drag propelled 
cross-Wind harnessing turbine rotors can be constructed With 
several different designs. Use of tWo vanes has been shoWn to 
produce the highest poWer coef?cient, about 50% higher than 
rotors utiliZing three vanes. Rotors With many vanes have also 
been constructed. 

[0014] With the use of axially slotted vane support con 
struction, the vanes can easily be slid axially into the rotor, 
and they can be very easily replaced When desired or neces 
sary. Unlike a large metal Savonius rotor that Would be much 
heavier and also easily dented making them unattractive 
unless the Whole rotor is replaced, the replacable panel con 
struction makes replacement of the panels very easy and at 
loW cost. Panels for a 20 ft by 2 ft diameter rotor Weigh only 
15 lbs and cost approximately only $30. They do not dent, 
corrode, or resonate Wind noise. They may eventaully suffer 
UV degradation, but are expected to last approximately ten 
years or more before needing replacement. In addition, the 
material is extruded into large rolls at loW cost, and no expen 
sive and time consuming large molding operations are need to 
produce the high e?iciency airfoil pro?le. The lost cost rotor 
construction could also be advantageously utiliZed With a loW 
aspect ratio rotor con?guration, although it Would not achieve 
the full advantages of the high speed rotation and reduced 
direct drive generator costs. The dynamic performance and 
resonances Would also be altered. 

[0015] Reduced rotor diameter increases the rotational 
speed for reducing generator siZe and costs. Although the 
rotor tip speed remains the same despite the reduced rotor 
diameter, the centrifugal loading on the rotor actually 
increases With reduced diameter. This increase is due to that 
fact that the loading is a squared function of the rotational 
rate. The long vertical length of the rotor makes the increased 
centrifugal loading de?ection of the rotor even yet more sub 
stantial. The radial bending stiffness is hoWever improved to 
handle the loading by the use of vertical vane supports for 
each vane located at tWo radial locations. The supports sup 
port the thin vane sheets to form the required curved vanes for 
Wind energy capture. Radial ribs betWeen the tWo vertical 
supports, at multiple vertically spaced locations, greatly 
increase the radial bending stiffness. The radial ribs in one 
embodiment can also preferably employ the vane cross-sec 
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tion shape so as to impart the desired shape to the vane sheet. 
The radial rib may also be located on the leading surface of the 
vane so as to contain the vane sheet against the forces 
imparted by the Wind. Together, the ribs and vertical supports 
form a vertical beam that limits the radial centrifugal groWth. 
Operation in high Winds up to 80 mph or 35 m/ sec has shoWn 
no problems. 

[0016] I have found that the rotor aspect ratio affects the 
energy generation costs for the Wind turbine. The aspect ratio 
or L/D, Wherein L is the length of the rotor and D is the 
diameter of the rotor, is preferably chosen to be Within the 
range of 5 to 15. Shorter aspect ratios have been found to 
increase the Wind turbine cost per annual energy generation 
because of increased generator costs for direct drive genera 
tors. Likewise, higher aspect ratios also signi?cantly increase 
the Wind turbine costs per annual generation capability 
because of increased rotor costs. They can also impart di?i 
culties of operation, assembly and transportation, depending 
on the poWer production siZe. 
[0017] Another consideration in the Wind turbine operation 
is in the dynamic performance of the rotor in rotation. 
Because of the high aspect ratio, the rotor vibrations can lead 
to large de?ections that can adversely affect long-term reli 
able operation. It is desirable to limit the radial de?ections of 
the rotor from resonances. I have found that, With the high 
aspect ratio, ?exural resonances Will occur, even though it 
Would be desirable to eliminate them. For a given structural 
moment of inertia, the resonance is an inverse function of the 
cube of the rotor length. To limit the ?exural de?ections, the 
rotor bending moments of inertia are preferably designed to 
cause the ?rst ?exural critical speeds to occur at loW speeds. 
Preferably, the ?rst ?exural modes, the ones With the largest 
geometric de?ection capability, should occur beloW the loW 
est generating speed, or preferably beloW 4 m/ sec Wind speed. 
Passing through these resonances at very loW speed signi? 
cantly reduces the energy during resonance and limits the 
rotor de?ections and stress. One effective attribute of the rotor 
construction With vane sheets being slid into the vane sup 
ports and rotor ribs is the ability of the vane panels to slide 
Within the slots of the vane supports. This sliding induces 
friction that retards the vibrational motion of the rotor. The 
induced damping limits the rotor ?exural de?ections When 
passing through the ?exural critical speeds, and alloWs very 
smooth operation. 
[0018] The long rotor length causes other signi?cant prob 
lems. For instance, a 1 kW Wind turbine can require a rotor 
that is 20 ft long and only 2 ft Wide. The long length and 
?exible construction cause signi?cant length changes to 
occur in operation. Further, the rotor ?exing also couples With 
the ?exing of the center pole. In yet a further embodiment, at 
least one end of the rotor comprises an axial sliding connec 
tion that limits the axial loading betWeen tWo of the bearings 
supporting the rotor. The sliding connection can be a slip ?t 
With sliding room at the top bearing. Alternatively, it can be a 
slip bolted connection to the generator at the bottom end. For 
very long rotors employing a middle bearing, preferably both 
the upper and loWer ends comprise axial sliding connections. 
[0019] In one embodiment, the centrifugal loading groWth 
is limited and ?exural rotor stiffness increased by construct 
ing the vertical supports from holloW tubes. The tubes provide 
higher rotor stiffness and less rotor Weight. In other embodi 
ments, the vertical supports clamp the vane sheets at the outer 
edges to reinforce them against the centrifugal force and to 
impart the desired vane curve pro?le to the vane sheet along 
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the vertical length. One method of clamping is to utiliZe 
vertical slots in the vertical supports. The edges of the vane 
sheets are inserted into the slots in the vertical supports, 
preferably for full or near full rotor length support of the vane 
sheets. In yet a further embodiment, the rotor can be designed 
for readily replaceable vane sheets. Easy replacement, such as 
sliding, snapping into place, or even a feW fasteners, can be 
very desirable for the operator. Also some operators may Wish 
to change the color or graphics of the rotor With the seasons or 
even advertise on the rotor vane sheets. 

[0020] In an additional embodiment, the rotor operates 
With a tip speed ratio betWeen 0.7 to 2.1 at the point of 
maximum poWer coe?icient to reduce the total Wind turbine 
cost While maintaining loW noise operation. More preferably, 
a high e?iciency rotor design With both drag and lift compo 
nents can operate With a tip speed ratio betWeen 1.4 and 1.8 
for increased energy generation per cost, With very loW noise 
generation. 
[0021] One key aspect of the loW cost Wind turbine is the 
generator that produces electric poWer from the rotational 
energy captured by the rotor. Generator e?iciency, ability to 
produce poWer at loW speeds and costs, are of importance to 
Wind generators in general, and to small Wind generators for 
the particular applications contemplated herein in particular. 
It is preferable that the generator be integrally designed With 
the Wind turbine to reduce costs and installation complexity, 
and to provide a more attractive product. It is also desirable 
that the generator be directly driven by the rotor so as to 
eliminate transmission noise, losses, maintenance/reliability 
problems, and associated costs. It is further desirable to uti 
liZe the same rotor bearings of the Wind turbine to support the 
generator rotor for operation. HoWever, conventional electric 
generators have substantial internal magnetic attraction 
forces betWeen the generator rotor and stator that need to be 
resisted to prevent contact betWeen the generator rotor and 
stator. Because of the high aspect ratio of the turbine rotor and 
loW bending rotor stiffness, a rotor and bearing system of 
reasonable cost may not provide su?icient support to resist 
the internal generator magnetic attraction. The rotor could 
simply bend slightly and the generator could have internal 
contact, Which Would interfere With its ability to spin freely 
and to produce poWer. To overcome this, an additional large 
bearing could be added in the generator. HoWever, this adds 
signi?cant cost, is di?icult to protect from Weather contami 
nation because of the location, adds losses and Weight, so it is 
not preferred. Instead, it is desirable to utiliZe a generator that 
does not impart rotor to stator magnetic attraction. It is further 
desirable to utiliZe a generator that can have large magnetic 
airgaps so that rotor de?ections from Wind loading, reso 
nances or unbalances do not cause internal generator contact. 
Accordingly, the loW cost Wind turbine preferably employs an 
air core con?guration generator attached to and driven by the 
rotor. More preferably, the generator employs a double rotat 
ing permanent magnet air core generator topology. The gen 
erator is constructed of multiple permanent magnet poles that 
drive magnetic ?ux across an armature airgap. The armature 
airgap contains an air core armature With multiple electrical 
Windings, and the armature airgap is bounded on both sur 
faces by rotating surfaces of the generator rotor. The genera 
tor has no generator rotor-to-stator attraction, can produce 
poWer With high e?iciency because of a lack of steel stator 
magnetic induced losses, and can have large magnetic airgaps 
(10-20 times larger than a conventional generator) to prevent 
generator internal contact during the Wind turbine operation. 
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The construction further eliminates generator cogging and 
allows easy start up of the turbine even in loW Wind speeds. 

DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1A is a schematic elevation of a loW cost Wind 
turbine in accordance With the invention. 
[0023] FIG. 1B is a plan vieW ofthe loW cost Wind turbine 
shoWn in FIG. 1A. 
[0024] FIG. 2 is a plot of the energy generation cost versus 
the L/D ratio of the Wind turbine rotor. 
[0025] FIG. 3 is a graph comparing the rotor ?exural bend 
ing stiffness With and Without the use of rib supports. 
[0026] FIG. 4 is a schematic draWing of a rotor vane With 
out ribs in operation. 
[0027] FIG. 5 is a schematic draWing of a rotor vane With 
ribs in operation in accordance With the invention. 
[0028] FIG. 6A is a diagram of the rotor bending de?ection 
of the rotor shoWn in FIGS. 1A and 11 at its ?rst ?exural 
critical about the minimum inertia axis. 
[0029] FIG. 6B is a schematic draWing of the rotor cross 
section of the rotor shoWn in FIG. 6A shoWing the direction of 
the minimum inertia axis. 
[0030] FIG. 7A is a diagram of the rotor bending de?ection 
of the rotor shoWn in FIGS. 1A and 11 at its ?rst ?exural 
critical about the maximum inertia axis. 
[0031] FIG. 7B is a schematic draWing of the rotor cross 
section shoWn in FIG. 7A shoWing the direction of the maxi 
mum inertia axis. 

[0032] FIG. 8A is a diagram of the rotor bending de?ection 
of the rotor shoWn in FIGS. 1A and 11 at its second ?exural 
critical about the minimum inertia axis. 
[0033] FIG. 8B is a schematic draWing of the rotor cross 
section shoWn in FIG. 8A shoWing the direction of the mini 
mum inertia axis. 

[0034] FIG. 9 is a graph comparing the rotor centrifugal 
force versus the rotor L/D ratio for tWo rotors With the same 
poWer generation capacity. 
[0035] FIG. 10 is a dynamic plot of the rotor de?ections 
With Wind speed in accordance With the invention. 
[0036] FIG. 11 is a cross-sectional plan vieW of the of the 
rotor shoWn in FIG. 1A. 

[0037] FIG. 12 is a schematic draWing of the top end of a 
loW cost Wind turbine in accordance With the invention. 
[0038] FIG. 13 is a schematic draWing of the bottom end of 
a loW cost Wind turbine in accordance With the invention, 
shoWing a schematic vieW of a generator. 
[0039] FIG. 14 is a schematic draWing of an alternate con 
?guration of the bottom end of a loW cost Wind turbine in 
accordance With the invention. 
[0040] FIG. 15 is a schematic draWing of roll of extruded 
vane plastic accordance With the invention. 
[0041] FIG. 16 is a schematic elevation of a rotor frame in 
accordance With the invention, shoWing the vane supports and 
radial rib members. 
[0042] FIG. 16A is a plan vieW ofone ofthe ribs in the rotor 
frame shoWn in FIG. 16. 
[0043] FIG. 17 is a schematic diagram of the pitching 
moment generation on a single vane of a rotor in accordance 
With the invention. 
[0044] FIG. 18 is a plot of the moment coef?cient versus the 
angle of incidence of impending Wind for a rotor in accor 
dance With the invention. 
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[0045] FIG. 19 is a diagram of a rotor pro?le shoWing the 
torque production from both lift and drag, in accordance With 
the invention. 
[0046] FIG. 20 is a plot of the rotor torque coe?icient versus 
the rotor operating tip speed ratio for different pro?le rotors, 
in accordance With the invention. 
[0047] FIG. 21 is a plot of the rotor poWer coef?cient versus 
the rotor operating tip speed ratio for different pro?le rotors, 
in accordance With the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0048] Turning to the draWings, Wherein like reference 
characters designate identical or corresponding parts, FIGS. 
1A and 1B shoW a loW cost Wind turbine 30 having a rotor 31 
With an aspect ratio, L/ D of approximately 10, a length of 18 
feet, a diameter of 22 inches, and a poWer capability of 1 kW. 
The rotor 31 is constructed from tWo curved sheet vanes 32 
and 33 that catch the Wind. Multiple radial ribs 34, spaced 
vertically apart along the vertical height, radially stiffen the 
rotor 31. The Wind turbine 30 further comprises a generator 
36 that converts the rotation of the rotor 31 into electrical 
poWer. The rotor 31 is journalled for rotation about a station 
ary central shaft pole 35. 
[0049] I have found that the aspect ratio, or ratio of rotor 
length divided by rotor diameter, is of importance to the 
economic viability of the Wind turbine. Increasing the aspect 
ratio alloWs for a reduction of the rotor diameter While still 
maintaining the same rotor area for energy capture. The 
reduced diameter thereby increases the rotor rotational rate 
for a given Wind speed and operating tip speed ratio. As a 
result of the higher rotational rate, the costs of the electrical 
generator can be signi?cantly reduced and no gearbox or 
speed increaser transmission is required. Further, the tall and 
slender Wind turbine is much more attractive, unobtrusive and 
easily installable in urban and suburban locations. HoWever, 
We have also found that increasing the aspect ratio of the Wind 
turbine rotor too much can result in other problems. A plot of 
the energy generation cost versus the Wind turbine L/D ratio 
is shoWn in FIG. 2.At very high aspect ratios, the costs for the 
Wind turbine per energy generation increase because of costs 
associated With the rotor. The operation of the Wind turbine 
and assembly of the rotor become more costly. Likewise, 
depending on the poWer capacity of the Wind turbine, the 
transportation of the rotor can also be more di?icult and 
costly at very high aspect ratios. As a result the rotor prefer 
ably is designed to utiliZe an aspect ratio that ranges betWeen 
5 and 15 for the most economical energy generation. 
[0050] The high aspect ratio of the turbine rotor results in 
several di?iculties that must be overcome in order to achieve 
successful operation. One issue is the rotor ?exural bending 
stiffness because of the long length and small diameter. The 
bending stiffness affects rotor resonance, radial de?ections 
and centrifugal loading. To support the rotor vanes, vertical 
rigid supports are included on the rotor for each vane at tWo 
different radial locations. The vertical supports hold the rotor 
together and alloW for the vanes to be constructed from light 
Weight and loW cost sheets of material such as plastic or even 
sheet metal ?ashing, depending upon the installation require 
ments. HoWever, the vertical supports alone provide only a 
moderate rotor bending stiffness and strength against their 
oWn centrifugal loading. To increase the rotor bending stiff 
ness and strength Without adding signi?cant Weight and cost 
to the rotor, the rotor preferably also has radial rib members 
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34 that extend radially between the vertical supports at axially 
spaced locations. A comparison of the rotor ?exural bending 
stiffness With and Without the use of rib supports 34 is shoWn 
in FIG. 3. Without the radial ribs 34, the outer supports carry 
the loading essentially alone. The addition of the radial ribs 
transfers the loading betWeen the tWo radially spaced vertical 
supports and substantially increases the bending stiffness and 
strength of the rotor vane. The ribs With the vertical supports 
form a beam for the rotor vanes to alloW the Wind turbine to 
operate properly Without large de?ections or substantial out 
Ward bending in the center When rotating. 
[0051] A schematic draWing of a rotor frame Without ribs in 
operation is shoWn in FIG. 4. The rotor frame 50 rotates about 
an axis of rotation 51 and is constructed from tWo vertical 
supports 52, 53 for each vane (only one of Which is shoWn for 
clarity of illustration) that are located at tWo different radial 
locations. The vertical supports 52, 53 are preferably con 
structed from holloW pipes to increase stiffness and reduce 
Weight, and to limit the centrifugal loadings. TWo sets of 
vertical supports 52, 53 (only one set of Which is shoWn in 
FIG. 4) support the vane sheets 57, corresponding to vanes 32 
and 33 in FIGS. 1A and 1B, along the vertical height of the 
rotor 50. The vertical supports 52, 53 can also impart the 
desired curved airfoil pro?le on to the vane sheet 57. When 
the rotor vane 50 is rotating in operation, the vertical supports 
52, 53 are subjected to centrifugal loadings 54, 55 according 
to their radial location. Because of the reduced rotor diameter, 
the loading is increased. Likewise, the long rotor length leads 
to large radial rotor de?ections of the vertical supports 52, 53. 
The vane sheet 57 tends to simply bend and not signi?cantly 
resist the de?ections of the vertical supports 52, 53. An addi 
tional problem resulting from the radial de?ections of the 
vertical supports 52, 53 is the axial contraction 56 of the rotor 
vane 50. The rotor vane 56 could actually decrease in length 
as the operational speed increases. The axial contraction 56 
can unacceptably overload the bearings of the Wind turbine. 

[0052] In order to prevent damage to the Wind turbine from 
the centrifugal loading and also to increase the ?exural bend 
ing stiffness of the rotor for dynamic operation, radial rib 
members are preferably included on the rotor vanes. A sche 
matic draWing of a single rotor frame With ribs 67 is shoWn in 
FIG. 5 in operation. As shoWn in FIGS. 1A and 1B, the Wind 
turbine rotor Will normally have tWo vanes 60, but only one 
vane is shoWn for clarity of illustration. The rotor vane 60 
rotates about an axis of rotation 61 and is constructed from 
tWo vertical support tubes 62, 63 that support the vane sheet 
66. The vertical supports 62, 63 experience signi?cant cen 
trifugal loadings 64, 65 according to their radial locations, as 
noted above in connection With FIG. 4. The centrifugal load 
ings 64, 65 are prevented from causing large radial de?ections 
by the addition of radial rib members 67, corresponding to the 
radial ribs 34 shoWn in FIG. 1A. The radial rib members 67 
extend betWeen the vertical supports 62, 63 and transfer loads 
betWeen them. One design for rib members 67 is shoWn in 
FIG. 16A and described in more detail beloW. The rib mem 
bers 67 substantially increase the bending moment of inertia 
of the vane 60 and form a beam type construction that resists 
radial de?ection and loWers the operating stress. The radial 
rib members 67 also eliminate the substantial axial contrac 
tion of the vane 60 that could overload and fail the Wind 
turbine bearings. 
[0053] In addition to the centrifugal forces on the Wind 
turbine rotor, the high aspect ratio of the turbine rotor also 
results in signi?cant dynamic issues. Elimination of ?exural 
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critical resonances of the rotor from the operating Wind speed 
range Would be di?icult to accomplish simply and economi 
cally. Such a construction Would require use of costly mate 
rials and is not desirable in keeping With the goals of the loW 
cost Wind turbine. As a result, it is desirable to have the ?rst 
?exural critical speeds for the rotor to occur at as loW a speed 
as possible. It is desirable to pass through the ?rst criticals, 
having resonances With the largest geometric de?ection capa 
bility, With loW energy. LoW energy transition through these 
criticals reduces the rotor de?ections and resulting stresses in 
the Wind turbine. Preferably the ?rst ?exural critical speeds of 
the rotor occur beloW the generation speeds and preferably 
beloW Wind speeds of 4 m/ sec. Diagrams of the rotor bending 
de?ection at its ?rst ?exural critical about the minimum iner 
tia axis and schematic draWing of the rotor cross-section 
shoWing the direction of the minimum inertia axis are shoWn 
in FIGS. 6A and 6B. The rotor 70 comprises four vertical 
supports 71, 72, 73, 74 that are located at tWo different radial 
locations, tWo each for supporting each of the tWo vane 
sheets. The minimum inertia axis corresponds to the direction 
of easiest bending of the rotor and is perpendicular to the 
vanes. The ?rst ?exural mode about the minimum inertia axis 
results in a large radial de?ection 75 and is preferably passed 
through at loW rotational speed and loW energy. 
[0054] A diagram of the rotor bending de?ection at its ?rst 
?exural critical about the maximum inertia axis and a sche 
matic draWing of the rotor cross-section shoWing the direc 
tion of the maximum inertia axis are shoWn in FIGS. 7A and 
7B. The rotor 80 comprises the four vertical supports 81, 82, 
83, 84, corresponding to the four vertical supports 71-74 in 
FIG. 6B, that run the length of the rotor 80 and support the 
vanes. The maximum axis of inertia is parallel With the vanes. 
The ?rst critical about the maximum inertia axis bends the 
rotor With a radial de?ection 85 about the center of the height 
of the rotor 80. De?ection 85 is less than the de?ection of the 
?rst resonance about the minimum axis of inertia due to the 
higher stiffness. 
[0055] A diagram of the rotor bending de?ection at its 
second ?exural critical about the minimum inertia axis and a 
schematic draWing of the rotor cross-section shoWing the 
direction of the minimum inertia axis are shoWn in FIGS. 8A 
and 8B. The rotor 90 is constructed With the four vertical 
supports 91, 92, 93, 94, corresponding to the four vertical 
supports 71-74 in FIG. 6B. The minimum axis of inertia is 
shoWn perpendicular With the rotor vanes. For the second 
critical speed the de?ection at the vertical center height of the 
rotor is Zero and the maximum de?ections 95, 96 occur aWay 
from the center and are much smaller than the ?rst critical 
speed de?ection. 
[0056] The high aspect ratio of the rotor results in substan 
tially increased centrifugal rotor loading compared With a 
loWer aspect ratio rotor. This surprising result is despite the 
fact that the rotor operating tip speed ratio and total rotor area 
may be identical. The drag-propelled rotor operates With a tip 
speed ratio, Which is the ratio of the speed of the vane tip 
divided by the Wind speed. This ratio is a function of the 
pro?le of the rotor vane and the poWer being extracted from 
the rotor. Changing the aspect ratio does not require a change 
in the tip speed ratio of the rotor. A reduced rotor diameter 
from an increased aspect ratio does increase the rotational rate 
leading to a loWer cost generator. HoWever, the centrifugal 
loading on the rotor is equal to the mass of the rotor times the 
radius times the rotational rate squared. Hence, the centrifu 
gal loading is equal to the mass times the rotational rate times 
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the rotor tip speed. Since the rotor tip speed remains the same 
despite the aspect ratio of the rotor, the centrifugal loading is 
increased from the increased rotational rate. The increased 
loading becomes even more signi?cant to the rotor de?ection 
because of the long axial length, compounding the problem. 
A comparison of the rotor centrifugal force versus the rotor 
L/D ratio in tWo Wind turbine rotors of equal poWer genera 
tion capability is shoWn in FIG. 9. The increased aspect ratio 
from one to ten results in ten times higher centrifugal loading 
on the outer vertical supports of the rotor and vanes. 

[0057] As explained previously, it is desirable to encounter 
and pass through the ?rst rotor ?exural modes of the rotor at 
loW speed and correspondingly loW energy. Transition 
through the ?rst modes at loW speed limits the rotor de?ection 
and rotor stress. A dynamic plot of the rotor de?ections With 
Wind speed in accordance With the invention is shoWn in FIG. 
10. The ?rst ?exural bending mode of the rotor vanes about 
the minimum axis of inertia occurs ?rst and at a loW Wind 
speed preferably prior to generation of poWer. The ?rst ?ex 
ural mode about the maximum axis of inertia of the vanes 
occurs at a higher speed due to the higher stiffness in that 
bending direction. Preferably both modes occur beloW Wind 
speeds of 4 m/ sec so as to ensure safe operation and long life 
of the Wind turbine. 

[0058] The rotor of the loW cost Wind turbine is designed to 
have self-starting operation, loW noise and high ef?ciency in 
Wind energy capture. Savonius rotors have traditionally been 
constructed using semicircular vane pro?les to catch the drag 
force of the Wind. Recent optimizations of Savonius Wind 
turbine pro?les have modi?ed the vanes to utiliZe a more 
airfoil shaped cross-section. As a result, the poWer coe?icient 
of the Wind turbine utiliZes both drag forces and lift forces and 
the poWer coe?icient has resultantly increased to over 30% 
With tip speed ratios over 1.5. The vane pro?le therefore can 
signi?cantly impact the generation economics of the Wind 
turbine. A schematic draWing of a rotor cross-section in 
accordance With the invention is shoWn in FIG. 1 1. In keeping 
With the goals of loW cost, it is desirable to construct the vanes 
of the Wind turbine from loW cost and readily available mate 
rial sheets, instead of molded composite or thick formed 
metal vanes that Would be very expensive. The rotor 100 is 
constructed of a rotor end plate 101 that rotates about a 
stationary center shaft 102. The rotor end plate 101 connects 
four vertical support tubes 103, 104, 105, 106, corresponding 
to the four vertical supports 71-74 in FIG. 6B, of the rotor 100. 
Radial ribs 107, 108 are fastened betWeen the vertical sup 
ports 103, 104, 105, 106 to increase that centrifugal strength 
and ?exural bending stiffness and strength of the rotor 100 . As 
shoWn, the ribs 107, 108 are manufactured With the desired 
pro?le for the rotor vanes 109, 110. The vanes 109, 110 are 
thinplastic panels that are snapped into place on the rotor 100. 
The vane sheets 109, 110 slide into slots in the vertical sup 
port tubes 103, 104, 105, 106, or into slotted support members 
on the tubes, to clamp the vane sheets 109, 110 into place and 
support them against centrifugal loading. The ribs 107, 108 
force the vane sheets 109, 110 into the vane pro?le for a high 
poWer coe?icient rotor. The Wind 111 causes the rotor 100 to 
incur rotation 112 about the stationary center pole 102. 
[0059] A schematic draWing of the top end of a loW cost 
Wind turbine in accordance With the invention is shoWn in 
FIG. 12. A rotor 120, mounted to rotate about a stationary 
vertical center shaft or pole 121, has an upper rotor end plate 
122. The end plate 122 is joumalled for rotation about the pole 
121 by an upper thrust and radial bearing 123 that rides on an 
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upper shaft end 124. By utiliZing a stationary center shaft 121 
the upper bearing 123 can support the rotor and enable the 
high aspect ratio Without excessive bearing loads that Would 
limit the operating life of the Wind turbine. Likewise, the 
upper bearing 123 can be made smaller than the diameter of 
the pole 121 for reduced drag and reduced costs. Attached to 
the upper end plate 122 are the four vertical rotor vane sup 
ports 125, 126, 127, 128 that provide the support for and 
torque transfer from the rotor vanes, not shoWn for simplicity. 
Although the rotor is shoWn With four vertical supports for 
utiliZing tWo vanes, a higher number of supports and vanes 
could also be utiliZed for a different rotor appearance. HoW 
ever, testing has shoWn that using tWo rotor vanes produces 
the most economical energy generation of the Wind turbine. 
The rotor supports 125, 126, 127, 128 are preferably straight 
vertical tubes, hoWever they may alternatively be employed in 
a tWisted fashion for a helically shaped vane. Helical vanes 
smooth out rotational torque and may be considered visually 
appearing but they increase rotor costs and make the vane 
sheet construction someWhat more di?icult and costly. 

[0060] A schematic draWing of the bottom end of a loW cost 
Wind turbine rotor 140 in accordance With the invention is 
shoWn in FIG. 13. The loW cost Wind turbine bottom end 
could be the bottom end of the turbine rotor 120, the top end 
of Which is shoWn in FIG. 12, or it could be the bottom end of 
another version of a Wind turbine in accordance With this 
invention. The rotor 140 rotates about a stationary center pole 
141. The rotor 140 is constructed of a loWer rotor end plate 
142 and four vertical rotor vane support tubes 143, 144, 145, 
146 that support the vane sheets, not shoWn for simplicity. In 
a preferred embodiment, the Wind turbine includes a genera 
tor 147 that is attached to the loWer end of the rotor 140 so has 
to keep the Weight of the generator at the loWest height. The 
generator and loWer bearing are also assembled as a unit that 
can be easily installed to the pole 141 and do not require 
generator magnetic airgap adjustment. The generator 147 is 
constructed With a center tube 148 that is clamped to the 
stationary pole 141 With a clamping nut 149. The generator 
147 is joumalled by a loWer bearing 150 that is also attached 
to the center tube 148. The bearing 150 is also attached to an 
upper back iron 151 of the generator 147. The generator 147 
is constructed from steel back irons 151, 152 that are sepa 
rated vertically and connected by an outer tube 153 . Attached 
to the back irons 151, 152 are arrays of circumferentially 
alternating axial polarity magnets 154, 155 that drive mag 
netic ?ux back and forth across an armature airgap 156. 
Located in the armature airgap is a stationary air core arma 
ture 157. The air core armature 157 is constructed of multiple 
Windings in a substantially nonmagnetic structure so as to 
preclude magnetic attraction and the generation of eddy cur 
rent and hysteresis losses. Preferably the air core armature 
157 is constructed from multiple copper Wires that are Wound 
onto a plastic form. The air core armature 157 is attached to 
the center tube 148 to resist rotation by reacting torque back 
to the center tube and pole 141, and provide the correct height 
alignment. The electrical poWer is extracted from the air core 
armature 157 by electrical connections 158. 

[0061] I have found that in operation of axially very long 
drag propelled cross-Wind harnessing rotors, that signi?cant 
axial de?ection can occur for the ?exural motion of the rotor. 
The rotor ?exural motion can couple With the ?exural motion 
of the center pole. As a result, very large bearing loads can 
arise. These large loads affect the smoothness of operation 
and can be deleterious to the life of the Wind turbine bearings. 
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To overcome these effects and still allow for the ?exural 
motions required by both the rotor and the pole, We have 
found that it is preferable to have an axial sliding connection 
on at least one end of the rotor that limits axial loading 
betWeen tWo bearings supporting the rotor. One such sliding 
connection can be a slip ?t bearing provided With ample 
displacement room at the top of the rotor. Alternatively, the 
slip ?t can be provided at the bottom of the rotor and through 
the connection to the generator. A schematic draWing of an 
alternate con?guration of the bottom end of a loW cost Wind 
turbine in accordance With the invention is shoWn in FIG. 14. 
The Wind turbine 170 is comprised of a rotor 171, a generator 
172 and a center pole 173. The rotor 171 has a rotor end plate 
174 that is provided With slip ?t bolt holes 175. Fastening slip 
bolts 176 are used to axially connect the rotor 171 to the 
generator. The bolts 176 are alloWed su?icient axial space to 
alloW for axial motion betWeen the rotor 171 and generator. A 
typical space of 1A inch or more has been found su?icient for 
rotors of up to 20 foot length. The bolts 176 and oversiZed 
holes 175 alloW for this axial motion but they transfer the 
Wind induced toque from the rotor 171 to the generator 172 
for e?icient electrical poWer generation. 
[0062] A preferred aspect of the Wind turbine is the unique 
loW costs, quiet operation and ability to easier repair the rotor. 
These bene?ts can be obtained by constructing the rotor vanes 
from extruded UV stabiliZed plastic. A schematic draWing of 
roll of extruded vane plastic accordance With the invention is 
shoWn in FIG. 15. The plastic is extruded in a layer, approxi 
mately l/lsth inch has been found to Work Well. The plastic 
extrusion is a continuous and loW cost process, Whereby a roll 
180 is produced and rolled up around a core 181 for shipment. 
The roll 180 is unrolled to cut off the ?at panel vanes 182 to 
the correct rotor length. The plastic vanes, Which might be 
considered to have insuf?cient strength to operate in high 
Winds, are found to be of more than su?icient strength 
because of the vane supports and radial ribs. Likewise, they 
operate very quietly and do not dent. TWo preferred materials 
are UVI HDPE and polycarbonate. Each has very high tough 
ness and good UV stability. The vanes do not need replace 
ment any more often than about every ten years, and they can 
be produced in any color or pattern, eliminating the need for 
painting. 
[0063] A rotor frame in accordance With the invention, 
shoWing the vane supports and radial rib members is shoWn in 
FIGS. 16 and 16A. The rotor pro?le has a signi?cant effect on 
the poWer coef?cient or energy capture ability of the rotor. 
The rotor 190 is preferably constructed of four steel tubes 
191, 192, 193, 194 that are located at tWo different radial 
locations. The tubes form the vane supports. Each tube 191, 
192, 193, 194 preferably includes axial slots 197 that receive 
the vane edges When the vanes are slid axially onto the rotor 
from the top end. The tubes 191, 192, 193, 194 are all con 
nected together through steel radial rib members 195 that are 
fastened or Welded in place every feW axial feet along the 
length of the rotor 190. The radial rib members 195, Which 
can be CNC plasma cut or manufactured by other loW cost 
means, have tWo ribs 198, 199 that induce the curve shape on 
the vanes, not shoWn, When installed. The ribs 198, 199 
engage the leading, or radially outer, faces of the vanes. In this 
location, the ribs 198, 199 hold the vanes into the rotor. 

[0064] A schematic diagram of the pitching moment gen 
eration on a single vane of a rotor in accordance With the 
invention is shoWn in FIG. 17. The vane 210 for a rotor half is 
shoWn. The airfoil shape 211 of the vane 210 controls the 
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energy extraction from the Wind. The pro?le 211 generates a 
pitching moment 212 that provides rotor torque. The pitching 
moment 212 varies With the instantaneous angle of incidence 
of the impending Wind. The torque generation can be resolved 
into lift forces 214 and drag forces 215 at any and all locations 
along the pro?le 211. The sum of all the lift and drag forces 
214, 215 along the pro?le 211 alloWs determination of the 
moment coef?cient for the vane 210. 

[0065] Analysis can be applied to calculate the moment 
coef?cient variation for a rotor pro?le With the variation of the 
angle of incident Wind. This analysis can be applied to deter 
mine the energy capture ability of the rotor. A plot of the 
moment coef?cient versus the angle of incidence of impend 
ing Wind for a rotor in accordance With the invention is shoWn 
in FIG. 18. As shoWn in the plot 220, the moment coef?cients 
hit peaks 221, 222 at about 400 and 1400 per each half revo 
lution. Multiple curves shoW limited effect based on the varia 
tions of Wind speed. Computational ?uid dynamics analysis 
shoWs that the drag propelled cross-Wind harnessing rotor 
achieves these moment coe?icients With the inclusion lift for 
loW angles of incidence, typically 0-45°. At the angles of 
45-90°, moment generation is predominately the result from 
drag. Self starting cross-Wind hamessing turbines require use 
of some drag component in order to self-start. 

[0066] A diagram of a rotor pro?le shoWing the torque 
production from both lift and drag, in accordance With the 
invention is shoWn in FIG. 19. The rotor 230 has vanes 231, 
232 and vane supports 233, 234, 235, and 236. LoW incidence 
direction Wind 237 results is attached How 238 over the vane 
231 and causes torque generation from lift. Higher incidence 
angle Wind 239 results in internal pressure 240 and causes 
torque generation from drag. The central shaft 241 results in 
some blockage of the How betWeen the tWo vanes 231, 232. 

[0067] A plot 250 of the rotor torque coef?cient versus the 
rotor operating tip speed ratio for different pro?le rotors, in 
accordance With the invention is shoWn in FIG. 20. The plot 
250 shoWs results for tWo pro?les, Savonius and Benesh, and 
also a computer optimiZed Rahai pro?le With varying Wind 
speeds. The torque coef?cients drop With the operating tip 
speed ratios of the rotor. The operating tip speed ratios of the 
rotors are controlled by the mechanical torque load that the 
generator applies to the turbine rotor at any given time for 
electrical poWer extraction. As shoWn, the optimiZed rotors 
continue to produce torque for tip speed ratios of up to about 
2.1. 

[0068] The torque coef?cients can be used to calculate the 
poWer coef?cient curves Which indicate the ef?ciency of a 
rotor pro?le for extracting energy from the Wind for a given 
cross-sectional area. A plot of the rotor poWer coef?cient 
versus the rotor operating tip speed ratio for different pro?le 
rotors, in accordance With the invention is shoWn in FIG. 21. 
The plot 251 shoWs results for tWo pro?les, Savonius and 
Benesh, and also a computer optimiZed pro?le With varying 
Wind speeds. For the Benesh rotor, the poWer coef?cient 
achieves a maximum of around 30% and at a tip speed ratio of 
around 1 .1 . For the computer optimiZed Rahai rotor pro?le, a 
poWer coef?cient of about 40% is achieved and at a tip speed 
ratio of about 1.5. The higher poWer coef?cient increases the 
energy production of the Wind turbine. The higher tip speed 
ratio further alloWs the generator to rotate faster for a given 
Wind speed and alloWs the generator costs to be reduced. Any 
of the pro?les can be utiliZed in the Wind turbine. Each is very 
easy implemented using the loW cost turbine construction. 
The radial ribs are simply cut or formed to the correct desired 






