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Abstract 

The siting of modern wind turbines to generate electricity requires accurate wind 

flow data over at least an annual weather cycle for optimum selection of both the wind 

turbine and its installed height, as well as for predicting the expected annual energy 

production at the site. 

Since wind energy is a relatively new industry in North America, detailed annualized 

data are often not available, especially in rural areas, except for a single prediction of the 

average annual wind speed that is modeled by interpolating weather data from sensors that 

may be located several miles from the intended wind turbine site.  This has led to several 

user disappointments when the actual energy obtained from a wind turbine was less than 

predicted. 

In response, the present study focused on the development of a more realistic 

predictive model of power generation based on actual wind patterns at the site.  Data on 

wind flow and energy output were obtained from an installation of three industrial-sized 

wind turbines at a local K-12 school.  Minute-by-minute wind data were sorted and 

aggregated to provide the model input. 

The empirical model developed predicted energy output within 4.1% of that 

observed over a period of 78 days;  that is, an estimate of 13,875 kWh versus 14,470 kWh 

actually produced.  A simpler model applicable to lower wind speeds (up to a “Moderate 

Breeze” of 7.5 m/s) was also developed that yielded a good energy output estimate of 

11.5 kWh versus the full model’s estimate of 11.7 kWh for an actual day’s wind conditions.  
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Chapter 1: Introduction 

1·1 The Decline of Manufacturing 

In the 20th century, Ohio developed a strong manufacturing base to support its 

many multi-national or Fortune 500 companies either headquartered in Ohio or having a 

strong presence in the state (Kroll 2009).  This spawned a host of component suppliers that 

sell products and services to these large companies, either directly or indirectly; and often 

locate their operations near to these large corporate customers.  Thus, the creation of a 

strong supply chain and a manufacturing base locally in Ohio, has made it the 2nd leading 

manufacturing state in America (“Economy of Ohio”). 

A confluence of various geo-political factors (“Understanding Energy Challenge”)  led 

to a decline in the utilization factor of the once-robust manufacturing sector in Ohio, along 

with the general decline in the country of this sector toward the close of the 20th century 

and the start of the present century (“Growing Ohio’s Green Energy Economy - Environment 

Ohio,” and Quinn 2009).  In fact, Ohio was amongst the hardest hit economically because it 

had such a large manufacturing sector (Schneider 2009). 

1·2 The Turnaround Strategy 

Reliable access to relatively cheap oil in the past century was a key factor for the 

economic growth and prosperity for the world’s industrialized nations.  However, a war in 

Iraq (waged in part to contain terrorism, but also to secure hegemony over oil supplies for 

continued economic progress), an economic crisis leading to a deep recession, and 

increased global concerns about pollution from fossil fuels and climate change, all helped 
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changed the public perception about having an economy heavily reliant upon “cheap oil” 

(Barnes 2003, “Iraq 2010,” Jaffe 2006, Jordan 2006–2009, “Project for the New American 

Century,” and White).  

With overwhelming public support, State and Federal government leaders then put 

into motion an economic revival strategy (Schneider 2009) that includes an urgent focus on:  

a) creating both short- and long-term, high income job growth that supports infrastructure 

projects employing new, high-tech, energy-efficient technologies, and  b) creating a 

favorable climate that encourages scholarship in key areas of science, technology, 

engineering and mathematics (or ‘STEM’) (Le 2010), so as to develop a better educated 

workforce to develop and support this high-tech infrastructure.  The idea behind this 

strategy lies in the belief that the demand for products and skills to support this post-

industrial-era transition toward an economy based on efficient production, distribution, and 

use of newer energy-conserving technologies, will in turn, energize the moribund 

manufacturing sector with demand for new, large-scale industrial products and the 

attendant need for components.  This will lead to further job growth creation even in the 

traditional manufacturing sectors. 

1·3 The Emerging Prominence of Alternative Energy 

The Iraq war did not stabilize oil supplies or prices, as hoped.  Instead, oil reached 

the lofty price of $ 147 per barrel in mid-2008.  High prices and the prolonged economic 

recession subsequently caused oil to decline to around $ 40 per barrel (Quinn 2009).  This 

volatility led to a push toward using renewable energy, not just in America, but in many 

nations around the world (“Global Interest in Clean Energy Grows,” and “Will the Global 
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Clean Energy Revolution Arrive in Time?”). 

In America, the dual concerns of access to stable energy supplies and the decline of 

manufacturing resulted in the current two-pronged government strategy outlined above.  

This has led to huge allocations of research and development funds and grants to help 

America make the transition to a future based on clean, domestic alternative energy 

sources (Le 2010, and “Ten International Clean Energy Initiatives Announced to take 

Unprecedented Actions to Cut CO2 & Create Jobs”). 

1·4 Hurdles to Overcome for Widespread Adoption of Wind Energy 

In contrast to decades of cheap energy in North America, the 1st world countries of 

Europe have always had higher energy prices for most of the 20th century (“Fact #364: 

March 21, 2005 Historical Gas Prices, 1919–2004,” and “World Historical Gasoline Prices”).  

Therefore, countries like Denmark, Germany, the United Kingdom, the Netherlands and 

Spain have been at the forefront of reducing their dependence on energy from fossil fuel 

sources (coal, petroleum and natural gas) by developing non-traditional alternative energy 

resources as a matter of national energy policy well before the United States. 

Given the nation’s history of heavy reliance on fossil fuels, it is understandable that 

very little detailed data were gathered regarding day-to-day wind energy variations as 

applicable to installing and operating Wind Turbine Generators (WTGs).  Such data are 

needed to generate wind energy maps that are local to the proposed WTG installation site 

and to accurately predict the annual energy output from the WTGs.  Instead, installers of 

small WTGs often make wind energy predictions by using wind data from remote weather 

stations (e.g., in metropolitan areas or at airports).  This practice usually does not accurately 
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reflect the local wind patterns.  This has led to overly optimistic energy predictions for a 

WTG installation, leading to disappointment, with attendant reluctance toward faster 

adoption of the technology (Jowit 2009). 

For instance, in a recent web article (published May 12, 2010):  “Good data needed 

for small-wind (sic) turbines to spin,” the author mentions that “*The state of+ 

Massachusetts found the actual performance was disappointing, with about one-third 

generating the expected output.  A U.K. review of roof-mounted microturbines found 

disappointing results as well.  ‘The difficulty has been that it’s very hard to model the wind.  

It’s not that people were intentionally picking locations that didn’t work,’ Brydges said” 

(LaMonica 2010). 

In general, utility companies have access to financial resources of several millions of 

dollars.  Thus, they have been in the forefront of siting clusters of large WTGs, called wind 

farms  …or sometimes, wind parks, after undertaking extensive wind studies at their 

proposed wind farm sites, often for a period of one year or more, prior to installation and 

commissioning of the wind farms.  (Incidentally, these large utility-grade WTGs are ones 

capable of producing over 100 kW and even up to the 2 MW to 5 MW range as their rated 

maximum power output.)  Thus, utility companies have been able to better predict their 

energy output for these wind farms, with attendant success. 

For the installer of smaller WTGs (such as those with rated power output of up to 

10 kW or 20 kW), there is a need for more comprehensive studies that correlate local actual 

long-term wind data with actual power generation for these smaller WTGs.  These 

correlated wind–power data, can then be used to develop a model for realistically 

predicting the expected annual energy output for future smaller WTG installations.  This 
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practical model should ideally be able to account for differences in geographic terrain or 

concentrations of trees, structures, or other wind obstacles, known in this industry as 

surface roughness or terrain roughness. 

1·5 Thesis Focus:  Relating Wind Data to Actual Power Output for 

Three WTGs 

It is difficult for individual home-owners, farmers, schools, or small businesses 

interested in producing energy from a WTG, or a small wind farm, to predict their annual 

power generation (or energy output), with reasonable accuracy without having a model 

based on at least several months of chronological data of actual power production from a 

comparable-sized WTG or small wind farm from a nearby region with similar wind patterns 

and topography. 

To address this problem, the following objectives were established for this thesis: 

1. To obtain and tabulate wind speed and power output data for three WTGs (Proven 

Energy, Ltd. model WT 35 wind turbine generators, each rated for 15 kW) located at 

Berlin Township’s (Mahoning County, Ohio) Western Reserve Local  School (WRLS); 

2. To develop a modeling approach that predicts the energy output from these WTGs 

based on measured wind conditions at the test site; 

3. To determine the effects of wind speed on power extraction efficiency (Cp) for these 

WTGs;  and 

4. To evaluate possible theoretical approaches for incorporating terrain features, as a 

wind shear or “surface roughness” factor into the model predictions. 
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Chapter 2: Background And Literature 

Review 

2·1 A Brief History of Wind Energy and Turbine Designs 

The earliest recorded use of windmills was in modern day Iran (Manwell et al. 2008) 

around 900 AD.  These windmills were vertical axis, drag type devices.  Today, vertical axis 

Wind Turbine Generators (WTGs) are primarily the drag-type, Savonius rotor machines or 

the lift-type Darrieus rotor systems.  The main variations of these two types of vertical axis 

machines are a combination Savonius–Darrieus machine or the split Savonius wind turbine 

(Manwell et al. 2008).  The main advantage of the Vertical Axis Wind Turbine (VAWT) 

machine is that it can capture wind from any direction, rather than having to yaw into the 

wind (for upwind) Horizontal Axis Wind Turbine (HAWT) systems, or trail the wind for 

downwind HAWT systems.   

In Europe, the harnessing of wind energy started during the Middle Ages where all 

the windmill designs were of the HAWT type  (Manwell et al. 2008), presumably since they 

were along the coastal regions of the Netherlands, Germany and the Scandinavian countries 

which encountered stronger, consistent winds from the Atlantic Ocean. 

To maximize power production at lowest cost, modern WTGs are designed to tap 

strong wind resources with only slowly changing wind directions.  Hence, most of the larger 

sized WTGs (placed in consistent, high-wind areas) are variations of the HAWT design.  

However, with greater interest in tapping wind resources in urban environments with less-

than-optimum wind conditions and decreasing capital costs, the VAWT systems are seeing a 

resurgent interest for urban settings. 
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2·2 The Need for Comprehensive Wind Data Studies 

As briefly discussed earlier in Section 1·4, there is a great need for wind data studies 

and the development of models that help predict output power (and hence, energy output) 

for non-utility size WTGs, as installers of smaller systems have limited resources as 

compared to utility companies.  In fact, utilities conduct long-term comprehensive wind 

studies before siting a WTG or a cluster of them in a wind farm.  The studies go far beyond 

collecting local wind speed and direction data.  Wind shear and turbulence studies are also 

conducted and sophisticated computer models are employed to simulate the site’s terrain 

such that key aerodynamic interactions with the WTGs are predicted.  In fact, complex 

terrains often “require detailed measurements at numerous locations to determine the 

local wind field for micrositing decisions” (Manwell et al. 2008). 

All energy generation models—from the simplest to the sophisticated—ultimately 

attempt to predict energy production output based on wind speed input.  An example 

(discussed below) can help explain why it is difficult to estimate a yearly aggregate energy 

output from an annual average wind speed value. 

The power, P (in watts), that the wind has at any given speed, v (in meters per 

second), flowing perpendicular to 1 square meter of cross-sectional area, is given by:  

P = ½ ρ v3 (2-1) 

where ρ is the air density in kilograms per cubic meter.  Air density is often on the order of 

1 kg/m3 depending on elevation above mean sea level (msl) and weather conditions (Vanek 

and Albright 2008).  From this general equation for the total kinetic energy in the wind, an 

equation for extractable power by a WTG was derived and included in Appendix A·1.1 

(Equation A·1 – 9).  The derivation of this equation, using a different approach from that in 
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Appendix A·1.1, is given in Wind Energy Explained:  Theory, Design and Application by 

Manwell et al. (2008).  This equation is: 

P (W) = ½ ·A·Cp·v3 (kg·m2/s3) (2-2) 

where A is the rotor sweep area (m2), and Cp is the Coefficient Of Power Extraction 

(efficiency), alternatively known as the Coefficient of Power Conversion, where 0 < Cp < 1.   

While the non-linear, cubic relation between wind speed and power makes it hard 

to predict annualized energy output from a single average annual wind speed datum, this 

problem is further compounded by WTG manufacturers often rating their machines close to 

maximum normal operating wind speeds.  The actual operating wind speeds at the site 

would be quite different (and often lower) than that used as the basis for the 

manufacturer’s specifications.  Another factor adding to the complexity of predicting the 

energy output is that Cp is not a constant in Equation 2-2, but rather is a function of wind 

velocity (cf. Section 4·2; Appendices A·1.2, A·1.4, A·3.2, and A·3.3;  and Figures 2-1, 4-1, and 

4-2).  Its value decreases at high wind velocities as the WTG starts to “furl,” which nota 

bene, is described later in this section.  This means that predictions made using a “typical,” 

“average,” or “optimum” Cp alluded to by the manufacturers, especially of smaller WTGs, 

are often overly optimistic in estimating the actual WTG energy output.  This has led to 

disappointment for early adopters of wind power technology, and until recently, curtailed 

its widespread adoption. 

Given the relatively nascent nature of this industry, there are only a handful of 

qualified companies who can perform detailed wind studies and analyses for properly sizing 

and siting a WTG that an individual home-owner, farmer or rancher may want to put up on 

their property.  (Incidentally, a residential-sized WTG is one that is capable of producing up 



 B u x a m u s a  | 9 

to 10 kW of rated maximum power, while an industrial-sized WTG is one that is capable of 

producing from upwards of 10 kW and up to 100 kW of rated maximum power.)  

Furthermore, such companies’ services tend to be beyond the financial means of such 

individuals.  Thus, they are often not used for collecting the needed wind data, nor are there 

any wind modeling programs that an average individual home owner, farmer or rancher can 

(a) easily afford, and  (b) use without extensive underlying knowledge of the non-linear 

variables associated the power generated from a particular WTG. 

As an example, if a site has an annual average wind speed of 8 m/s at the tentative 

installed WTG hub height of h = 30 meters from the ground, and the average annual air 

density, ρ = 1.15 kg/m3, then from Equation 2-1, the annual energy, E, in the wind in 1 m2 of 

rotor swept area at that height is found from power, P, available over a period of a year, 

where:  

P = ½ × 1.15 kg/m3 × (8 m/s)3 = 294.4 W/m2  (2-3) 

or  

E = (294.4 W/m2) × (8760 h/yr) × (1 kW/1000 W) = 2578.9 kWh/m2/yr  (2-4) 

Suppose that the actual wind data from the site shows a seasonal wind pattern of 

3 m/s (constant) in Winter (Dec., Jan., Feb.), rising to 12 m/s in Spring (Mar., Apr., May), and 

slowing down to 7 m/s in Summer (Jun., Jul., Aug.), and then rising again to 10 m/s in the 

Fall (Sep., Oct., Nov.), then the annual average wind speed is still 8 m/s.  In this case, the 

annual energy is calculated as shown below. 

PWinter = ½ × 1.15 kg/m3 × (3 m/s)3 = 15.5 W/m2  (2-5.1) 
  PSpring = ½ × 1.15 kg/m3 × (12 m/s)3 = 993.6 W/m2  (2-5.2) 
  PSummer = ½ × 1.15 kg/m3 × (7 m/s)3 = 197.2 W/m2  (2-5.3) 
  PFall = ½ × 1.15 kg/m3 × (10 m/s)3 = 575.0 W/m2  (2-5.4) 

 ∴ PAnnual Seasons = (15.5 + 993.6 + 197.2 + 575.0) W/m2 = 1781.3 W/m2  (2-5) 
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or  

EAnnual Seasons = [(15.5 W/m2) × {(8760×¼) h/Winter} +  
  (993.6 W/m2) × {(8760×¼) h/Spring} +  
  (197.2 W/m2) × {(8760×¼) h/Summer} +  
  (575.0 W/m2) × {(8760×¼) h/Fall}]  
 = (33.9 + 2176.0 + 431.9 + 1259.3) kWh/m2/(4 Annual Seasons)  
 = 3901.1 kWh/m2/yr  (2-6) 

This example shows that the energy in the wind can be higher than that predicted 

by the annual average wind speed datum.  Likewise, the fraction, Cp, of the energy extracted 

by the WTG from the wind at the annual average wind speed, may be very different from 

the fractions extracted at different wind speeds.  As a result, the total power generation for 

a WTG when computed from an annual average wind speed may differ substantially from 

that obtained when the actual speed distribution of the wind is accounted for in the 

computation.   

Another important consideration in estimating power generation for WTGs is the 

“cut-in” speed, or the wind speed at which the turbine blades start to turn.  Most WTGs 

produce no power below 2.5 m/s, and some WTGs do not produce any power until the wind 

speed is higher than 3 m/s.  Hence, winter power generation in the simple example above 

would be zero, while the spring power generation would be some fraction (based on Cp) of 

PSpring = 993.6 W/m2.   

It is also important to take into account the behavior of the WTG in high winds such 

as during periods of gusty winds and storms.  At wind speeds above 15 m/s, which is a 

Moderate gale on the “Multilingual Beaufort Scale of Wind Force” most WTGs are designed 

to start “furling” (Gipe 2004, and “Images of Wind Turbine Power Curves”). 

Furling means that the rotors are turned orthogonal or away from the prevailing 

wind direction and/or are completely stopped from turning to prevent the WTG from self-
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destructing at its “cut-out” wind speed; at this point the WTG is “parked,” and produces no 

power.  Thus, at high winds, even though the wind carries a lot of energy, the power pro-

duction starts to decline as the WTG starts to furl.  Unless these considerations are carefully 

factored in when considering a WTG installation, it is likely that less power will be generated 

than predicted by using a single average wind speed datum and/or a fixed Cp value.   

As independently shown in the Appendix A·1.2, Dr. Albert Betz (1885 – 1968), a 

German physicist and a pioneer of wind turbine technology, first formulated in 1919 and 

expounded in his 1926 book Wind Energie und ihre Ausnutzung durch Windmühlen, that for 

a WTG with a disc-like rotor as airfoils, the theoretical maximum value of Cp =     ⁄ , or 

roughly 0.593, of the available energy in the wind  (“Albert Betz”).  This theoretical 

maximum for Cp is known as Betz’ Limit or Betz’ Law.  This limit applies to all HAWT systems.  

Most efficient WTGs have maximum operating Cp’s between approximately 0.30 and 0.43 

(or between approximately 50% and 73% of the Betz’ Limit) (“Siting Wind Power:  Wind 

Power Curves & Community Considerations (Teacher Notes)”).  In fact, Manwell et al. (2008) 

mention “that Cp can be generally expressed as a function of the tip speed ratio, ," where  

= ratio of rotor tip speed to wind speed;  that is:  is a function of wind speed, which in turn 

makes Cp a function of wind speed.  This dependency of Cp on , and hence on wind speed, 

is theoretically independent of the practical need for reducing Cp by the furling process for 

damage prevention.  Thus, it is not easy to directly model this dependency, except by actual 

empirical measurements from which appropriate models can then be developed. 

For instance, the variation of Cp with wind speed for a typical Danish WTG design is 

shown below in Figure 2-1 (“The Power Coefficient”).  
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Figure 2-1:  Typical Graph of Variation of CP with Wind Speed 

In summary, while Equation 2-2 can theoretically be used to calculate power output 

of a WTG, the cubic dependency on the wind speed and the fact that Cp is itself a variable 

dependent on multiple design parameters for a particular WTG, makes it imperative to use 

the resultant power curve (that takes into account this variability of Cp) for computing the 

power output at the proposed installation site over the time period of interest, as opposed 

to using a single average yearly wind speed figure for this purpose.   

As an illustration, a power curve function for a typical WTG (rated at 50 kW) is 

shown below in Figure 2-2  (“AOC 15 / 50 Wind Turbine”).  Note that the power output  

  

Figure 2-2:  Power Curve for a 50 kW AOC 15 / 50 WTG 
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begins to taper off as the wind speed increases due to the decreasing power extraction 

efficiency (Cp) at higher wind speeds.  The decrease in Cp and power generation above 

15 m/s is due to furling.  In addition, the WTG produces no power until the wind speed is 

past the cut-in wind speed of a little less than 5 m/s. 

Further complicating this picture is the fact that different WTG designs are 

optimized for either low, medium, or high wind speeds, with corresponding variations in 

cut-in and cut-out speeds and their overall power conversion efficiency, Cp (“Images of Wind 

Turbine Power Curves”). 

Hence, it is very likely that simple estimates of energy generation based on average 

wind speeds have led to overly optimistic values with attendant disappointing actual results 

(LaMonica 2010), as opposed to using real-world WTG power curves in conjunction with the 

true wind speed distribution to estimate power generation. 

Clearly, then, the cost, time and effort to gather the needed wind data and to match 

that to the requisite different power curves and efficiencies of different WTGs at different 

wind velocities was—and often still is—beyond the scope of individuals or small businesses, 

etc., wishing to install smaller sized WTGs.  Thus, research is needed to develop a modeling 

approach to accurately estimate expected power generation or annualized energy output 

that will help installers of the smaller-sized WTGs, whether it be a single WTG, or a cluster of 

these in a small wind farm. 
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2·3 General Approaches in Literature to Correlating Wind Turbine 

Characteristics to Wind Data 

The estimated annual energy production is of interest to any installer of a WTG or a 

wind farm.  Hence, all energy prediction models (or “energy calculators” or “payback 

calculators”)—from the simplest to the most complex—try to estimate this single parameter 

of interest and correlate it to some function of wind speed.  The simplest models use the 

manufacturer’s published power curves to determine the power output from a single 

annual average wind speed datum for a given geographical location. This value can be 

obtained from published national wind energy charts, such as that available from National 

Renewable Energy Laboratory in the US (“NREL:  Dynamic Maps, GIS Data, & Analysis Tools - 

Wind Maps”), or by deriving the wind speed datum from those that publish only wind 

power density per square meter for a particular region (e.g., www.mapsofindia.com (“India 

Wind Resources Map”) and www.emd.dk (“Wind Resource Map,” EMD – Online”)).  In 

either case, the conversion efficiency, or Cp, of the WTG under consideration has to be 

known for the particular wind speed datum.  However, as shown in the earlier example, this 

type of a simple estimate leaves much to be desired in terms of accuracy of the annual 

energy prediction. 

The preferred approach, then, is to develop a model for energy production based on 

actual wind data gathered over a period of time and correlate that to the actual energy 

produced by the WTG or wind farm. 

Based on Vanek and Albright’s discussion in their book Energy Systems Engineering 

— Evaluation & Implementation (2008), it was decided that a “binned” approach to 

analyzing the distributed wind speed data, using ½ m/s bin increments and using mid-point 

http://www.mapsofindia.com/
http://www.emd.dk/
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power output for each bin was the right approach to this research.  This statistical method is 

described more fully, later, in Section 3·1. 

From long term data analysis, most wind speed distribution patterns tend to obey 

the Weibull (wind speed) probability distribution function; which is defined by its “shape 

factor,” k, and its “scale factor,” c.  The shape and scale factors can be related to the 

average wind speed, vMEAN, and its standard deviation, ςV, when k satisfies 0 ≤ k ≤ 10.  It 

should be noted that when k = 2, the Weibull distribution simplifies to the Rayleigh 

distribution, where only the average wind speed is needed to predict the wind speed 

distribution (Manwell et al. 2008).  Thus, statistical data analysis techniques can be applied 

to project actual measured data from a WTG (or a wind farm) to another location if the 

average and standard deviation of the wind speeds are known. 

To minimize errors in power output estimates, it may be desirable to account for 

differences in wind speed between the installed height of the wind monitoring equipment 

and the individual WTG hub heights, if substantial wind speed variation occurs between 

them.  Wind speed increases with height according to the formula: 

vZ = vZ-reference [
 

          
]
 

 (2-7) 

where vZ is the wind velocity at the height,  , meters above a reference ground plane, while 

vZ-reference is the wind velocity measured by the wind monitoring instruments and            is 

the height of the wind monitoring instruments from the reference ground plane.  The 

exponent, α, is the wind shear coefficient.  Typically, it is 0.2 for flat unobstructed locations 

(Vanek and Albright 2008). 
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2·4 Background on “Proven Energy’s WT-Series” WTGs  

The design of Proven Energy’s line of WT series of wind turbine generators are based 

on simplicity of design and for running in harsh, windy conditions.  It is a HAWT design with 

a passive yaw system, three fixed pitched blades that turn at relatively low rpm that are 

connected by a straight drive shaft to a direct drive generator.  Unlike many other HAWT 

systems, the WT series WTGs are all downwind systems, where furling during strong wind 

conditions is accomplished by the blades “coning” or folding up like a “closed, flower bud,” 

from the normal operating “open blossom” position where the blades are fully extended 

outward.  This is accomplished via three non-traditional hinges (one for each rotor blade) 

made of thick (2 cm – 3 cm), molded rubber “membrane” that are stiffened by automotive-

style shock absorber springs (cf. Figure A·6-2a). 

While the overall design is simple and works well most of the time, the blades’ 

rubber-cum-shock absorber hinge mechanism has been reported to be prone to wear; 

necessitating replacement (Gipe 2004).  In fact, all WTGs and the towers require periodic 

inspections and maintenance; “once in spring and once in fall” according to Sagrillo (Gipe 

2004).  Apparently, enough customer complaints due to hinge replacements and an actual 

blade throw-off on a unit in the UK prompted the world-wide recall of Proven WT 35 

turbines and a design improvement to the hinge and spring mechanism.   

The company set up a repair facility in Indiana to refurbish the turbines which got 

slightly shorter length, redesigned blades and improved hinges.  The redesigned 

WT15000/WT 35 WTGs are now being marketed as Proven WT 35-2 models. 

As energy capture of a horizontal axis WTG is dependent on the rotor diameter, Ø, 

the decrement of the rotor Ø from 9 m to 8.5 m for the new blades implied that there 
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would be less energy captured by the smaller blades.  However, Proven Energy claims that 

the newer, shorter blades are more efficient in capturing the wind energy.  According to 

Proven, this and the fact that they made software changes that improved the inverter 

efficiency ensured that the power produced was the same as before and the original power 

production specifications apply to the retrofit design.   
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Chapter 3: Methods And Procedures 

3·1 WRLS Site Overview and Thesis Approach to Correlating Wind 

Turbine Characteristics to Wind Data at the Site 

On behalf of the Western Reserve Local (K–12) School District (WRLS), 13850 West 

Akron–Canfield Road, Berlin Center, Mahoning County, Ohio 44401-9756, the architectural 

firm of Olsavsky Jaminet Architects, 29 E. Front Street, Youngstown, Ohio 44503 had 

submitted a comprehensive “Application For: Advanced Energy Fund Renewable Energy 

Program (NOFA #08-09)” to the State of Ohio under the Renewable Energy Grant Program; 

which was approved.  This grant application envisioned a site study, final choice of three 

15 kW rated power WTGs, site preparation, and finally, the installation and commissioning 

of the WTGs. 

Separate to the above grant application, the school was also given a small grant 

from a local recycling division for establishing a wind monitoring system on one of the four 

poles that provide floodlighting to a sports track and field adjoining the school buildings to 

the north.  The school is located on 43.7 hectares (108 acres) of property—half of it still 

undeveloped (Olsavsky Jaminet Architects and Swindler)—that is surrounded by open fields 

and stands of what appear to be original native forest and a few scattered homesteads.  

These surroundings, and the fact that the elevation of the school is the second highest in 

Mahoning County, allow for mostly uninterrupted winds at the hub heights of the three 

WTGs of about 50 m (160').  An aerial view of the school and the surrounding area is shown 

in Figure 3-1 (obtained from Google Earth, WWW; dated April 1, 2004).  (The school 

buildings are identified with a yellow-and-black “old country school” icon in this aerial 
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photograph.)  The site and surroundings remain essentially the same in 2010, as there have 

been no major land developments in this area since 2004.  Figure 3-1 does not show the 

three WTGs and their towers as these were installed in the Fall of 2009, and commissioned 

on October 26th, 2009, but it clearly shows the athletic (oval) track directly north of the 

school buildings. 

 
Figure 3-1:  Aerial View of WRLS School Prior to Installation of 3 Proven WT 35 WTGs. 

A more recent plan of the WRLS site, Figure 3-2, shows the specific location of the 

three installed WTGs west of the track. 

The three WTGs are placed atop 50 m high towers which give them sufficient height, 

and they are far enough away from the nearby school buildings and mature trees to the 

north and west that they can catch the prevailing wind with little to no ground-effect 

turbulence from any wind direction (cf. Figure A·6-1).  
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Figure 3-2:  Site Plan of WRLS School Showing Location of 3 WTG Towers 

This fact, coupled with the ability of the site to monitor wind data on a continuous 

basis, made the WRLS in Berlin Center, OH an ideal candidate for wind studies leading to 

this thesis.   

The superintendent of the school system, Mr. Chuck Swindler, was approached in 

the early Fall of 2009 for permission to gather wind data and to study the energy output 

from their three 15 kW Proven Energy, Ltd., WT15000 model wind turbine generators 
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(WTGs)—later re-named as WT 35, and then again as WT 35-2 after hinge and blade 

changes were made—as part of this M.S. in Engineering thesis.  Permission was kindly 

granted, and contact was made with other individuals that have been very instrumental to 

the success of this endeavor.  They are:  Mr. Jeff Zatchok, High School Principal, Mr. Ed 

McCoy, Services and Grounds Manager, Ms. Lee DeAngel, Executive Assistant, all at WRLS; 

Mr. Scot Loveland, Project Manager at Tri-County Tower Services, 8900 Mahoning Ave., No. 

Jackson, Ohio 44451; and Mike Fagan, Architect at Olsavsky Jaminet Architects. 

The first aim of this study was to acquire daily wind speed, direction, and air 

temperature data in order to build a comprehensive background database of basic wind 

information for this site.  Several meetings were conducted with the various individuals, to 

understand the installation and overall characteristics of the WTGs. 

During one of these meetings, it was reported that the wind monitoring station was 

located about 30.5 m (100') above the field and track grounds, on one of the poles with a 

bank of floodlights for night playing and practice at the field, while the WTG hub heights 

were about 48.8 m (160')—a sufficiently large height variation between them.  Thus, it was 

initially contemplated to include a correction factor to the wind speed measured by the 

anemometer to obtain the wind speeds at the WTG hub heights, as it was determined that 

the wind speeds at the hub heights would be approximately 8% higher using Equation 2-7.  

This difference, due to the wind speed being cubed in the power equation, meant a 

substantial under-reporting of the energy by the model;  estimated at around 26%.  

However, it was subsequently determined during an actual survey that that the wind 

monitoring station was at an elevation of 38 m (125') from ground level;  while the 

floodlight pole on which the monitoring station was mounted was itself situated at higher 
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elevation than the ground level for all the WTGs.  The net effect was that the height 

difference between the monitoring station and the WTGs was much less than originally 

thought.  Using Equation 2-2, it was estimated that the wind speed variation between the 

anemometer at the wind station and the WTG hub heights would introduce an error in the 

model’s energy computation of less than 2% for WTG 3 to 5% for WTG 1; further 

corroborating the justification for ignoring this during the initial data analysis.  The possible 

reason for the discrepancy, is the fact that the original NOFA  #08-09 proposal discussed 

using a single taller tower with a single 108 kW WTG rather than the final choice of installing 

three shorter towers with the three WTGs. 

Based on Vanek and Albright’s discussion in their book Energy Systems Engineering 

— Evaluation & Implementation (2008), it was decided that a “binned” approach to 

analyzing the wind speed data, using ½ m/s bin increments and using mid-point power 

output for each bin was appropriate for this research. 

The actual wind data were “binned” using Minitab—a commercial, statistical 

analysis software package—based on the number of times or frequency that they fell within 

certain fixed wind speed intervals, or “bins.”  The power for that interval was computed 

based on the power produced at the bin’s mid-point.  For small enough wind speed intervals 

over a fixed time period, the error in the computed power for that interval approaches zero.  

Thus, the summation of all the computed power values times the fixed time period gives a 

good estimate of the total energy produced.  The binned wind speed ranged from 0 m/s to 

20 m/s, for which total energy output was computed and compared to actual data.  The 

detailed computational procedures are described later in this section.   
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The next challenge was to find the right power curve data as published by Proven 

Energy for their particular WTGs installed at WRLS, as there were at least three sources—

apparently all from Proven Energy—that indicated different peak power outputs for their 

WT15000/WT 35 15 kW WTG:  the highest one at 18 kW at the rated wind speed of 12 m/s  

(“Proven Wind Turbines - Technical Specification Sheet”)  and the lowest one at 12.7 kW at 

the same rated wind speed  (“Proven 35 Wind Turbine”), while a marketing brochure from 

Proven shows peak power output of about 17 kW at around 12 m/s.  These are shown in the 

Appendix A·2.2 for further comparative review and reference.   

Reading through several user comments posted on the Internet regarding Proven’s 

WT 35 15 kW WTG and web data from the Danish Wind Industry Association  (“The Power 

Curve of a Wind Turbine”),  it was understood that Proven initially had over-rated the power 

output from this turbine.  Hence, it was decided that the best published power curve for this 

analysis is the one shown in Figure 3-3; obtained from the UK sustainability consulting 

company, Better Generation (“Proven 35 Wind Turbine”). 

The graph of Figure 3-3 below, was laid on a grid and discrete data points on the 

curve were gathered at 0.5 m/s increments.  A function that fit these data points was 

obtained using a cubic-spline method by running a program developed in wxMaxima, and 

listed in Appendix A·3.2.  This allowed computation of the mid-point power output for each 

wind speed bin, distributed at 0.5 m/s intervals from 0 m/s to 20 m/s.  The resulting c-spline 

function matched the published power curve (Figure 3-3) quite accurately. 
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Figure 3-3:  Realistic Power Curve for the Proven WT 35 WTG   
(The dashed line indicates the total power in the wind  

while the solid line represents the power extracted from the wind by Proven WT 35 WTG.) 

In Figure 3-4, below, the curve drawn in blue is the WT 35 power curve generated by 

wxMaxima.  The green curve is the theoretical power in the wind blowing across a 9 m Ø 

area (the same rotor sweep area of the Proven WT 35 WTG), while the magenta curve is the 

theoretical maximum extractable energy (or Betz’ Limit) from that same areal cross-section 

of wind flow.   

The program also translated the magenta curve to pass through the cut-in wind 

speed of 3 m/s, and then “pivoted” it by applying a multiplying factor through a trial-and-

error process to yield the black curve with a “virtual Cp” that closely predicts the actual 

power curve for wind speeds between 3 m/s and 7.5 m/s.  The black curve forms the basis 

for the simple power prediction model discussed in Section 4·3.   
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Figure 3-4:  Digitized Proven WT 35 Power Curve with Simple Power Model (“Best Fit/Cp-VIRTUAL”) Curve  

(Black line—Approximates the WT 35 Power Curve for Wind Speeds between 3 m/s and 7½ m/s.) 

The same wxMaxima program also printed two tables.  The first table listed the 

actual Cp values for the WT 35 WTG (obtained from the actual power curve function) for 

different values of the upwind wind speed impinging on the rotor plane.  The data from this 

first table were used as input for a separate wxMaxima program developed to plot the 

variation of Cp (for the WT 35 WTG) against the (upwind) wind speed.  This is discussed later 

in Section 4·2.   

The second table listed the output power at the mid-point of all the binned wind 

speeds.  These data were then fed to corresponding individual Excel spreadsheets created 

for each energy output datum recorded by Mr. Ed McCoy (cf. Table 4-3).  The details 

regarding the analysis of these data are given in Section 4·4. 

The wind monitoring station has several sensors that feed into a multi-channel APRS 

World, LLC’s Wind Data Logger.  The data were collected and recorded automatically every 

minute, on the minute.  Periodically, the data were downloaded from the Wind Data 
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Logger’s memory via a flash drive and saved as a comma-separated-value (.csv file) readable 

into Microsoft’s Excel spreadsheet program as individual files with the date of the data 

collection as its file name.  Each day’s data collection started at 00:00 hours and ended at 

23:59 hours. 

The Wind Data Logger recorded several data streams, but the ones of interest were 

values for the wind speed (in miles per hour), its direction (in unit degrees that follow the 

navigation standard) and temperature (in °Celsius).  The wind direction was parsed by logic 

set up in Excel, according to the sixteen compass directions shown in Figure 3-5.  

 N = 349° to 360° & 0° to 11°  →  ① 

NNW = 327° to 348°  →  ⑯ NNE = 12° to 33°  →  ② 

NW = 304° to 326°  →  ⑮ NE = 34° to 56°  →  ③ 

WNW = 282° to 303°  →  ⑭ ENE = 57° to 78°  →  ④ 

W = 259° to 281°  →  ⑬ E = 79° to 101°  →  ⑤ 

WSW = 237° to 258°  →  ⑫ ESE = 102° to 123°  →  ⑥ 

SW = 214° to 236°  →  ⑪ SE = 124° to 146°  →  ⑦ 

SSW = 192° to 213°  →  ⑩ SSE = 147° to 168°  →  ⑧ 

 S = 169° to 191°  →  ⑨ 

The specific logic statements developed and used are listed in Appendix A·4.1.  The 

embedded logic in the Excel spreadsheet allows for the automatic conversion of the several 

thousand wind direction data points into the sixteen traditional compass directions.  The 

wind direction data for any time period can be summarized by polar “Wind Rose” diagrams, 

discussed in Section 4·4)  

A partial listing of the raw data collected on November 1st, 2009 as a .csv file, and 

modified as discussed here, is shown in Table 3-1 below.  Excel Columns E – M were 

Figure 3-5:  Relationship of Wind Direction in Degrees to Compass Points 



 B u x a m u s a  | 27 

“hidden” (but not deleted!) as they contain either no data or contain data that were not 

needed for developing and vetting the energy output model.  Also “hidden” are Rows 5 – 

839 and 845 – 1438 to highlight the full range of the 1,440 data records captured for that 

day as Rows 2 – 1441.  The column widths were appropriately widened to display the time 

stamp correctly, and a row of descriptive headings was also added.  The file was then saved 

in standard .xlsx Excel file format.  This same procedure was used to modify every Excel .csv 

data file—one for each day’s worth of data (or 1,440 data records per day). 

Table 3-1:  Typical Partial Listing of Raw Data Recorded by the Wind Data Logger as a .csv file 

 
A B C D N O 

1 
Date & Time of 
Data Collection  

Wind Speed 
(mph) 

Wind Gust 
(mph) 

Anemometer 
(rpm) 

Wind Dir.  
(°CW fm N) 

Air Temp. 
(°C) 

2 11/1/2009 0:00 
 

9.2 10.8 237 304 12.69 

3 11/1/2009 0:01 
 

9.5 11.2 251 301 12.69 

4 11/1/2009 0:02 
 

10.5 11 256 297 12.69 

        840 11/1/2009 13:58 
 

5.2 8.8 136 106 14.02 

841 11/1/2009 13:59 
 

5.5 9 169 90 14.02 

842 11/1/2009 14:00 
 

6.4 8.1 164 70 14.02 

843 11/1/2009 14:01 
 

8.8 10.1 178 90 14.02 

844 11/1/2009 14:02 
 

8.2 10.5 210 95 14.02 

        1439 11/1/2009 23:57 
 

6.2 6.3 138 82 12.77 

1440 11/1/2009 23:58 
 

6.1 6.5 140 80 12.77 
1441 11/1/2009 23:59 

 

5.8 6.2 134 78 12.77 

Occasionally, an individual day’s data file would become corrupted, which prevented 

its download.  Thus, there would be a day’s worth of wind data missing.  Given that the 

wind data collection started on August 27th, 2008 at 13:10 hours and has been going on 

continuously, this minor loss of data over a period of over two years was not considered 

significant.  An averaging process was manually implemented to create minute by minute 

wind speed for the missing day by averaging the corresponding values for the day before 

and the day after the missing day.  The data studied for determining the power prediction 

model were from the time the WTGs first started producing power (i.e. 15:00 hours on 
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October 26th, 2009) until 14:00 hours on January 12th, 2010;  which was a few days before 

their shut-down to get them ready them for refurbishment per Proven Energy’s world-wide 

recall for their WT15000/WT 35 model. 

Unlike the recording of the wind data, the recording of the energy produced by the 

WTGs was not automatic.  Mr. Ed McCoy was instructed to log the individual Wattmeter 

readings at (or in the close proximity of) 14:00 hours daily, or as his schedule permitted.   

On holidays, weekends, and days Mr. McCoy was otherwise busy, the logging of the 

energy produced was missed.  In this case, the daily data files were modified and merged to 

match the elapsed time between each set of WTG energy output measurements.  For 

example, if the gap between the energy output readings was a day, then two days worth of 

wind data would have produced the corresponding energy output.  In this case 2,880 

minutes of data records were merged into a new, modified Excel file encompassing the 

recorded data starting from 14:01 hours on Day – 0 running through 14:00 on Day 1 and 

going up to 14:00 hours on Day 2, for a total of 48 hours.  The remaining 599 data points of 

Day 2 would be rolled over to the third day’s data  …and so forth.  A sample of the modified 

data file for November 1st, 2009 is shown in Figure 3-6, where Rows 6 through 599, 605 

through 1439, and Columns E through M are hidden.  As can be seen, the file had another 

worksheet added, labeled: “11-01-09M,” where the suffix ‘M’ represents a modified 

worksheet in which columns of data were operated upon to include the wind data from 

14:01 hours from the day before up to the current day’s data until 14:00 hours.  This 

modification was done for every Excel data file, and resulted in new files with data re-

organized in them to match time spans between individual Wattmeter readings.  
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Figure 3-6:  Modified Raw Data File for Each 24-hour Period (Example from 20091101.xlsx data file) 

As example, a merged and analyzed data file for November 2nd–3rd, 2009 corre-

sponding to those two day’s worth of energy production is shown below in Figure 3-7.  This 

file contains 2,880 data records starting from 14:01 hours on November 1st, 2009 (Day 0) to 

14:00 hours on November 3rd, 2009 (Day 2).  Note, however, that the data for November 2nd, 

2009 (Day 1) was created by averaging the minute-to-minute wind speeds from the day pre-

ceding and the day following the day with the missing or corrupted data.  Also note that the  

 

 

 

 

 

 

 

 

1st four columns were added to this modified worksheet after creating the resulting Excel 

Figure 3-7:  Working Excel Data File (Example from 11-2-09~11-3-09.xlsx data file 
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file as shown in the previous Figure 3-6.  These columns were used for converting wind 

speeds to m/s and to parse the raw wind direction into one of 16 compass directions. 

The minimum and maximum wind speeds observed in the 48 hour period were 

calculated using Excel’s built-in MIN() and MAX() functions.  These values were used to 

specify the number of bins to allocate the wind speeds for those 48 hours.  For example, the 

maximum wind speed of 10.95 m/s (data record 2883) would belong in the bin that covers 

wind speeds from 10.5 m/s to just under 11 m/s, or bin 22.  This information was used as 

input into Minitab together with the data in Columns A and B starting from Row 2 up to Row 

2,881, and data in Column C starting from Row 1442 (in this case only as wind direction is 

missing for this “day,” otherwise it would start from Row 2) up to Row 2881.   

Lastly, conditional formatting was used to visually highlight cells in Column B based 

on a comparison to the cut-in wind speed.  Red cells indicate wind speed below the cut-in 

speed (3 m/s), in which case no power is produced, and green cells indicate wind speed 

above the cut-in speed. 

The binned outputs from Minitab were then imported back into Excel for further 

processing:  a) to compute the total energy from the binned wind speed distribution over 

the recorded time span, and  b) to create a polar diagram (or wind rose) that allows for a 

quick visual analysis of the prevailing wind direction for the time period under study.   

Finally, the power generation results in the form of the estimated energy output 

computed by the model versus the actual energy produced were plotted as pairs of data 

with the actual energy output along the abscissa and the computed energy output along the 

ordinate axes for quick comparison, together with a wind analysis summary;  the results of 

all of which are discussed in Chapter 4. 



 B u x a m u s a  | 31 

3·2 WRLS Site Survey 

The area where the three WTGs are installed is in an unobstructed field, sloping 

slightly downward as one moves northwards from the southernmost tower (referred to as 

Tower 1 or WTG 1), toward the northernmost tower, (Tower 3 or WTG 3).  These towers lie 

roughly northwest of the school buildings and its service parking lot (denoted in middle gray 

color in the layout plan shown earlier in Figure 3-2).  Roughly 200 m to 300 m away, further 

north and west, are uniformly dense, mature hardwood trees native to the area (and 

estimated to be of a consistent height of about 12 m to 15 m), beyond which are more open 

spaces with a few homes and farms.  To the Towers’ east are the slightly elevated (but flat) 

ball fields and a track with bleachers with another parking lot to its east.  Thus, the WTGs 

are exposed to unobstructed wind patterns from all points of the compass, except from the 

southeast where the wind would have to blow over the school buildings.  The closest 

structure to WTG 1 is a small powerhouse shed that is about 52 m (170') away, while the 

closest point of the single-story school building is about 153 m (500') away (cf. Figure A·6-1).  

The distances from the shed and the school building to WTG 2 are 95 m (313') and 202 m 

(663'), respectively, and 143 m (470') and 248 m (814'), respectively, to WTG 3.  These data 

were calculated from the site plan of Figure 3-2 and the architectural site survey map.  

Furthermore, the general elevation of the grounds surrounding the school is the second 

highest elevation in Mahoning County and is at approximately the same elevation as the 

track and football field to its north.  This track and field area has four tall poles on which are 

mounted floodlights for night practice and games; one of these has an anemometer and a 

wind vane mounted at its top to continuously monitor the wind speed and direction. 

With the help of Mr. Fisseha Games, another graduate student from YSU’s Civil & 
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Environmental Engineering department, accurate WTG hub heights from the base of the 

concrete footings and the general elevation variation between each of the three WTG 

towers were determined using a Topcon GPT-3105W Total Station carefully leveled and 

operated with a reflecting prism for added accuracy.   

The natural slope in the topography to the northeast of the WTG towers was filled 

with dirt and leveled to build the ball fields and the track.  As a result, there is a steep 

embankment leading up to this level ground, which blocked a clear view of all three WTG 

towers and the floodlight pole with the anemometer from one single observation point.  

Hence two observation sites were chosen for taking the elevation and height measure-

ments.  The data were “linked” by taking backsight readings on a common elevation 

reference, which was the base of Tower 3.  The first observation site chosen was north of 

the ball fields and it gave a clear view of (a) the northwest floodlight pole for the track field 

with the attached anemometer and wind vane,  (b) Tower 3,  and  (c) Tower 2.  After the 

horizontal distance and vertical height readings (based on angular deviation from 

horizontal) were taken for the anemometer and Towers 2 and 3, the Total Station was set 

up again at the base of Tower 2 from which a set of unobstructed readings were taken for 

Tower 1. 

A Garmin nüvi 765® (with up to ± 5 m positioning accuracy) global positioning 

system (GPS) receiver was also used to get a rough estimate of the coordinates of the base 

of the floodlight pole with the anemometer and the tower centers for the 3 WTGs.  These 

collected data are listed in Table 3-2, below.   
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Table 3-2:  WTG Tower Hub Heights, Anemometer Height and Topographical Information 

Reference (Elevation):  Base of Tower 3 (≈ 348 m (1142') above Mean Sea Level (msl)) 

    
Tower 1  Latitude 41° 1' 39.2" N 
(Southernmost)  Longitude 80° 54' 53.6" W 

  Approximate Elevation (above msl) at Tower 1 Base 356 m (1168') 
  Actual Measured Height 48.8 m (160') 
  Δ Elevation above Tower 3 Base 7.5 m (24.5') 
  Total hub height 56.2 m (184.5') 
    

Tower 2  Latitude 41° 1' 40.5" N 
(Middle)  Longitude 80° 54' 55.7" W 

  Approximate Elevation (above msl) at Tower 2 Base 354 m (1160') 
  Actual Measured Height 48.8 m (160') 
  Δ Elevation above Tower 3 Base 5.3 m (17.3') 
  Total hub height 54.1 m (177.3') 
    

Tower 3  Latitude 41° 1' 42" N 
(Northernmost)  Longitude 80° 54' 56" W 

  Approximate Elevation (above msl) at Tower 3 Base 348 m (1142') 
  Actual Measured Height 48.8 m (160') 
  Δ Elevation above Tower 3 Base 0.0 m (0.0') 
  Total hub height 48.8 m (160') 
    

Anemometer  Latitude 41° 1' 40.8" N 
(On NW floodlight pole)  Longitude 80° 54' 50.3" W 

  Approx. Elevation (above msl) at Floodlight Tower Base 356 m (1168') 
  Actual Measured Height 38.0 m (125') 
  Δ Elevation above Tower 3 Base 7.7 m (25.3') 
  Total monitoring instrument height 45.7 m (150') 
    

A site planning map (prepared by Olsavsky Jaminet Architects, Inc.) before the three 

WTG towers were constructed shows the school buildings lying within the 357 m (1170') 

and 360 m (1180') elevation contours.  Given the current positions of Towers 1, 2 and 3 and 

their elevations at the footings (which lie within the 354 m – 357 m (1160' – 1170'), 351 m – 

354 m (1150' – 1160'), and 348 m – 351 m (1140' – 1150') contours, respectively), it can be 

seen that even the lowest hub height of the WTG (mounted on Tower 3) is at least about 

30 m above the surrounding buildings, while the WTG 1—being closest to the school 

building—is still about 150 meters away and a further 7.5 meters higher than WTG 3.  

Hence, all the WTGs mounted on these towers have sufficient height clearances and are 

located at several times the height of the adjacent buildings (cf. Figure A·6-1).  These 

clearances amply meet the placement guidelines for WTGs of at least 9 m (30') of height 

clearance from top of adjacent buildings or trees, when such obstructions are within a 
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windward distance of 90 m (300'), as suggested in The Renewable Energy Handbook (Kemp 

2005).  This means that the WTG locations and hub heights are such that they interact with 

only the laminar wind flow of local mesoscale weather patterns, rather than the turbulent 

wind eddies near the buildings and the more distant forests to the north and west. 

As a first iteration in developing a power prediction model for this site it was 

assumed that the WTGs encountered this mostly laminar wind flow with relatively small 

instantaneous changes in the wind’s speed and direction.  An attempt was then made to 

develop a correlation between this model and the actual power produced by the WTGs.  

Finally, it was theorized that any consistent, observable difference between this model and 

the actual power obtained could be traced to the local topography, trees, buildings, and 

other nearby structures, known as the modifying “surface roughness factor,” represented by 

α (a lumped parameter associated with “surface roughness”) in Equation 2-7. 

A study of Google Earth images was made to classify the type of site terrain with 

regards to changes in elevation of the surrounding topography as per Manwell et al. (2008).  

Based on the type of terrain found, a correction factor in the form of an appropriate value 

of α to determine the wind speed encountered by each WTG, was added for the second 

iteration to fine-tune the model using Equation 2-7.  These results are discussed in 

Section 4·6. 
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Chapter 4: Results And Discussion 

4·1 Operational History of “Proven WT 35” WTGs at WRLS 

The three WT 35 WTGs from Proven Energy, Ltd. were first commissioned and put 

into operation at WRLS on October 26th, 2009 at 15:00 hours.  They operated until 

February 2nd, 2010 when Proven Energy issued a world-wide recall on their WTGs due to 

failure of a blade hinge on one of their other installed WTGs in the field.  Hence, actual 

power output data obtained from the site span about 3 months of operation.  (The results 

of this research include power production from October 26th, 2009 at 15:00 hours until 

January 12th, 2010 at 14:00 hours.)  The WTGs were taken down, dismantled, and new, 

more efficient blades (of smaller diameter) with newly designed hinges were attached (cf. 

Figure A·6-2a).  The re-furbished WTGs started operating on October 17th, 2010, but data 

from this period onward were not included in this study. 

4·2 Variability of CP with Wind Speed 

The relationship of Cp with wind speed is shown in Appendix A·1.2; where the exact 

relationship of Cp turns out to be a function of the exit-to-entry wind velocity ratio, R, 

through the rotor plane.  To better understand this variability, a program was written in 

wxMaxima to create a digitized power curve function for the Proven WT15000/WT 35 WTG 

(cf. Appendix A·3.2).  This program also created a table of values for Cp at different wind 

speeds.  This table (as output from the first wxMaxima program) was used as input in 

another wxMaxima program (cf. Appendix A·3.3), which produced a graphical output 

showing the non-linear relationship of Cp with wind speed for the Proven WT 35 WTG. 
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While the variability of Cp with wind speed can be deduced from the manufacturer’s 

power curve, most manufacturers never mention this fact in their marketing literature or in 

their technical specifications.  If energy extraction efficiency (Cp) is ever mentioned, it is 

usually as a single number representing a value close to the WTG’s best mean or highest Cp 

value, without any qualifiers added. 

A good energy prediction model has to account for the variation of Cp with wind 

speed, be it captured through the power curve, or as a separate graph.  This relationship 

between Cp and wind speed is shown in Figures 4-1 and 4-2.  The graph shows that Cp falls 

off sharply from its peak at 6 m/s to where the Cp at the manufacturer’s optimum rated 

speed of 12 m/s is less than half its maximum value.  This confirms the initial observation 

that it is hard to predict energy output without an accurate power curve and wind speed 

distribution study conducted over some length of time.   

 

Figure 4-1:  Variability of CP with Wind Speed for Proven WT 35 WTG 

Figure 4-2 is a normalized version of Figure 4-1, where the ordinate represents the 

percent ratio of Cp : Cp(MAX);  and the abscissa, the wind speed.  (The denominator in the 
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ratio, Cp(MAX), is the Betz’ Limit or the theoretical maximum amount (i.e. 100%) of energy 

extractable from the wind.)  The energy extraction efficiency drops from a maximum of 

about 81% at a wind speed of 6 m/s to 34% at the rated wind speed of 12 m/s. 

The energy generated by the WTG at 6 m/s is 3782 Watts, while the maximum 

energy output is 12,680 Watts at a wind speed of 12 m/s.  Hence the wind speed yielding 

the highest operating efficiency wind speed is not necessarily the wind speed where the 

maximum power is generated by the WTG. 

 
Figure 4-2:  Variability of CP with Wind Speed for Proven WT 35 WTG as a Percentage of Betz’ Limit 

The above Cp curves for the Proven WT 35 WTG correlate well with the Cp curve for 

typical Danish WTGs (cf. Figure 2-1, Section 2·2.).   
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4·3 A Simple Power Output Model for “Proven WT 35” WTG 

From the derivation of Cp as outlined in Appendix A·1.2 and from the Figures 4-1 and 

4-2 in the previous section, it is apparent that Cp varies with wind speed.  This makes it 

difficult calculate the power output for a WTG using Equation 2-2 without consulting a 

graph of its Cp versus wind speed, or using its specific power curve.   

Using the method described in Section 3·1 and illustrated in Figure 3-4, a simple 

mathematical relationship of power to wind speed, using constants, was found by analysis 

using wxMaxima.  It turns out that this mathematical relationship can predict power for 

wind speeds between the cut-in speed of 3 m/s and about 7.5 m/s for Proven’s WT 35 WTG 

with reasonable accuracy (± 10%).  Incidentally, in areas of light wind, this wind velocity 

range for this simple mathematical model has a high probability of occurrence, making it 

quite useful for many areas with lighter wind conditions.   

The form of this simple model is similar to Equation 2-2;  where a constant value of 

0.504 was found to correspond to the real (variable) Cp in Equation 2-2.  Hence, it is called  

Cp-VIRTUAL.  For wind speeds greater than 7.5 m/s, the formula starts to overestimate the 

power production.  This simple mathematical model for output power, PO (0 m/s ≤ v ≤ 7.5 m/s), for 

wind speeds, v, from 0 m/s up to 7.5 m/s for the Proven WT 35 WTG is: 

 P0 m/s ≤ v ≤ 3 m/s (Watts) = 0     (4-1a) 

  P3 m/s < v ≤ 7.5 m/s (Watts) = {(½ π r2 Cp-VIRTUAL ρ v3 ) – 586}   (4-1b) 

where r = radius swept by Proven WT 35 WTG’s blades = 4.5 m, Cp-VIRTUAL = 0.504 (nota bene it 

is a constant as opposed to the real Cp which varies with wind speed), ρ = (average) density 

of air ≈ 1.15 kg/m3 (at 400 m elevation above msl and at an air temperature of 20 °C), and v = 

wind speed in m/s.  As shown by Equation 4-1a, the power output is zero for all wind speeds 
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at or below the cut-in speed of 3 m/s (6.7 mph).  Thereafter, the power output (in Watts) is 

predicted very closely by Equation 4-1b until about 7.5 m/s, (16.8 mph).  This covers most of 

the wind speeds encountered in the Youngstown, Ohio area, where the 12-month, monthly 

average wind speed (from the beginning of November 2009 until end of October 2010) is as 

shown below in Figure 4-3 (National Weather Service Forecast Office – Cleveland, OH 2010).  

(The average yearly wind speed for Youngstown, Ohio was determined to be 3.4 m/s based 

on this 12-month period, which is considered Marginal for wind generation (Vanek and 

Albright 2008)).   

 
Figure 4-3:  Twelve-Month, Average Monthly Wind Speed for Youngstown, Ohio  

(National Weather Service Forecast Office – Cleveland, OH Archives) 

This simple power generation model was next verified by comparing predicted 

energy production for an arbitrary day using this simple model to (a) the energy output data 

computed via the more comprehensive model developed in this research and discussed in 

Section 4·4 next, and  (b) the actual power generated that day by the three WTGs.  The 

arbitrary day chosen for the model’s verification was November 4th, 2009. 

Power generation converted to energy output predicted for that “day” by the simple 

model was 11.5 kWh for the 24-hour (1,440 minute) period starting from 14:01 hours on 

November 03, 2009 and ending on November 04, 2009 at 14:00 hours.  The average wind 

speed that day was 3.045 m/s.  This compares very favorably to the energy generation 
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predicted by the more comprehensive model of 11.7 kWh, but differs by 11.5% from the 

actual average output of 13 kWh for the 3 WTGs = 39 kWh ÷ 3 WTGs = ((13 kWh for WTG 1 

+ 14 kWh for WTG 2 + 12 kWh for WTG 3) ÷ 3 WTGs). 

The accuracy of this simple model decreases rapidly for wind speeds that exceed 

7.5 m/s.  Analysis of the binned wind speeds for that day, shown below in Figure 4-4, reveals 

that the wind speed exceeded 7.5 m/s for only 8 minutes out of 1,440 minutes in the 24-

hour period.  Hence, this simple model can be used with surprising accuracy in an area with 

relatively moderate wind speed. 

 
Figure 4-4:  Typical Final Energy Output Analysis Results from Excel for Single Energy Datum 

(Example from analyzed data for November 4
th

, 2009)  

4·4 Actual versus Calculated Energy Output for the WTGs 

For a first iteration of the empirical energy prediction model, the wind speed was 

assumed to be the same as measured by the anemometer for all the three WTGs, since the 

anemometer was mounted at a sufficient enough height to essentially measure the wind 

velocity encountered at the three WTG hub heights as seen from Table 3-2.  (For quick 

reference, the anemometer was mounted at a height of 45.7 m (150'), whereas the hub 
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heights for the WTG 1, WTG 2, and WTG 3 were 56.2 m (184.5'), 54.1 m (177.3') and 48.8 m 

(160') respectively;  all as measured from the base of Tower 3.) 

A typical result from the re-organized Excel spreadsheet for few consecutive wind 

records as recorded by the Wind Data Logger on December 4th, 2009 is shown in Table 4-1. 

Table 4-1:  Typical Wind Data Re-organized in Excel for Further Statistical Analysis in Minitab 

Data 
# 

Wind Speed 
(m/s) Wind Direction 

Time of data 
collection 

Wind Speed  
(mph) 

Wind  
Direction 

Air 
temp. 

(°C) 

162 3.755136 13 W 12/4/2009 16:42 8.4 265 13.32 

163 3.173984 13 W 12/4/2009 16:43 7.1 269 13.28 

164 2.950464 13 W 12/4/2009 16:44 6.6 277 13.28 

165 3.79984 13 W 12/4/2009 16:45 8.5 268 13.24 

166 3.084576 13 W 12/4/2009 16:46 6.9 266 13.2 

167 4.202176 13 W 12/4/2009 16:47 9.4 265 13.2 

168 3.710432 13 W 12/4/2009 16:48 8.3 280 13.2 

169 2.637536 13 W 12/4/2009 16:49 5.9 269 13.16 

170 4.336288 12 WSW 12/4/2009 16:50 9.7 251 13.16 

171 4.112768 13 W 12/4/2009 16:51 9.2 266 13.12 

172 4.336288 14 WNW 12/4/2009 16:52 9.7 283 13.12 

173 4.649216 13 W 12/4/2009 16:53 10.4 269 13.12 

174 5.006848 12 WSW 12/4/2009 16:54 11.2 256 13.08 

175 4.068064 13 W 12/4/2009 16:55 9.1 275 13.08 

The raw wind speed data (downloaded from the Wind Data Logger and entered in 

the fifth column) were recorded in miles per hour, and converted into meters per second as 

shown in the second column of Table 4-1, since the Proven WT 35 power curve is given in SI 

units.  Conditional formatting was then applied to highlight cells in green for those with 

wind speeds greater than 3 m/s which contribute to power production, while those with 

values of 3 m/s and under were colored red, as they do not contribute to power generation 

due to the 3 m/s cut-in wind speed for the WT 35 WTGs. 

The wind direction in degrees recorded by the Wind Data Logger (and shown in the 

sixth column in Table 4-1) was converted into one of sixteen compass directions as outlined 
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in Section 3·1.  Finally, the time-stamped data of the fourth column were attached to a 

sequential data record number listed in the first column in which a total of 1,440 data 

records represent a day’s worth of wind data.  Next, the data from the first three columns 

were fed into Minitab, which displayed the binned distribution and overlaid the best-fit 

Weibull distribution with the Shape (k) and Scale (c) factors together with N (the number of 

data records analyzed) automatically computed and displayed, as requested during the data 

analysis.  A typical wind distribution output, such as for December 4th, 2009 is shown below 

in Figure 4-5, while the wind direction distribution for that day is shown in Figure 4-6.   
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Figure 4-5:  Minitab Wind Distribution Analysis for December 4

th
, 2009  

(Weibull Distribution with Shape Factor, k, = 4.3 & Scale Factor, c, = 6.3 calculated for N = 1,440 data records) 
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Figure 4-6:  Minitab Wind Direction Analysis for December 4
th

, 2009 

The individual binned occurrences for wind speed were collected from Minitab and 

re-entered into Excel for further analysis and final computation of the energy produced for 

that day.  Also, the binned wind direction data were transferred to Excel, from which a wind 

rose was generated.  An example from the detailed data for December 4th, 2009 imported 

and analyzed in this new Excel worksheet is shown in Table 4-2.   

The data in the third column in Table 4-2 representing the minutes of time the wind 

blows with wind speeds within each binned interval was computed by Minitab.  These data 

were manually entered into Excel from Minitab for each day, corresponding to their binned 

wind speed cut-off values listed in the second column.  The data in the third column were 

then converted into the percentage of time the wind speed occurs in each particular bin and 

recorded in the fourth column which was then multiplied by the corresponding individual 

power output values as obtained from the digitized power curve from wxMaxima (cf. 
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Table 4-2:  Typical Energy Output Modeled in Excel with Data Imported from Minitab (for December 4
th

, 2009) 

 
Appendix A·3.2);  the sum of these values gives the total energy output for the day in Watt-

minutes;  that is, in Watt-minutes for 1440 minutes = Watt-minutes for (24×60 minutes).  

Since n Watt-minutes for 60 minutes = n Watt-hour for 1 hour, the seventh column is the 

same value in Watt-hour for 24 hours.  Thus, the total energy for the day is the total of the 

seventh column in Watt-hours per 24 hours.  This value is reported in the eighth column after 

Data 
# 

Wind 
Speed 
(m/s) 

Minutes 
in 

Binned 
Values 

of Wind 
Speed  

Percent 
Time in 
Binned 

Values of 
Wind 
Speed  

Wind Speed 
[Weighted 
Average – 

From 
Minitab] 

(m/s) 

Power 
Output at 
Bin's Mid-
point from 

Power 
Curve 

(Watts) 

Calculated 
Power 
Output 
(Watts-

min.) 

Calculated 
Total 

Energy 
Output 

[Weighted 
Average] 

(kWh) 

Binned 
Wind 

Direction 
in 

minutes 

Binned 
Wind 

 Direction 
(in 

percent 
time) 

Binned 
Wind 

 Direction 

1 0.5 0 0.00% 5.78 0 0 85.4 0 0.0% N 

2 1 0 0.00% 

 

0 0 

 

0 0.0% NNE 

3 1.5 0 0.00% 

 

0 0 

 

0 0.0% NE 

4 2 0 0.00% 

 

0 0 

 

0 0.0% ENE 

5 2.5 0 0.00% 

 

0 0 

 

0 0.0% E 

6 3 7 0.49% 

 

0 0 

 

0 0.0% ESE 

7 3.5 53 3.68% 

 

64 2 

 

0 0.0% SE 

8 4 82 5.69% 

 

298 17 

 

0 0.0% SSE 

9 4.5 145 10.07% 

 

768 77 

 

0 0.0% S 

10 5 158 10.97% 

 

1,489 163 

 

2 0.1% SSW 

11 5.5 215 14.93% 

 

2,317 346 

 

90 6.3% SW 

12 6 192 13.33% 

 

3,285 438 

 

349 24.2% WSW 

13 6.5 164 11.39% 

 

4,233 482 

 

305 21.2% W 

14 7 145 10.07% 

 

5,147 518 

 

436 30.3% WNW 

15 7.5 100 6.94% 

 

6,252 434 

 

230 16.0% NW 

16 8 75 5.21% 

 

7,440 388 

 

28 1.9% NNW 

17 8.5 47 3.26% 

 

8,560 279 

 

1440 

  18 9 27 1.88% 

 

9,702 182 

    19 9.5 20 1.39% 

 

10,651 148 

    20 10 3 0.21% 

 

11,374 24 

    21 10.5 5 0.35% 

 

11,870 41 

    22 11 2 0.14% 

 

12,180 17 

    23 11.5 0 0% 

 

12,472 0 

    24 12 0 0% 

 

12,648 0 

    25 12.5 0 0% 

 

12,640 0 

    26 13 0 0% 

 

12,511 0 

    27 13.5 0 0% 

 

12,397 0 

    28 14 0 0% 

 

12,319 0 

    29 14.5 0 0% 

 

12,194 0 

    30 15 0 0% 

 

11,962 0 

    31 15.5 0 0% 

 

11,769 0 

    32 16 0 0% 

 

11,569 0 

    33 16.5 0 0% 

 

11,362 0 

    34 17 0 0% 

 

11,272 0 

    35 17.5 0 0% 

 

11,154 0 

    36 18 0 0% 

 

11,052 0 

    37 18.5 0 0% 

 

10,976 0 

    38 19 0 0% 

 

10,838 0 

    39 19.5 0 0% 

 

10,788 0 

    40 20 0 0% 

 

10,790 0 

    
           

 

20+ 1440 100.00% 
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converting that total from Watt-hours/24 hours into kWh (per day) by multiplying the 

summed value by  0.024 (= 24/1000).  For December 4th, 2009, it was found to be 85.4 kWh.  

This result compares well with the actual average power output for the three WTGs for that 

day, which was 88.7 kWh.   

The ninth column contains binned wind direction data.  These data are converted to 

a time percentage in the tenth column, from which the wind rose is generated using the 

polar charting function in Excel;  an example is shown below in Figure 4-7, with wind 

blowing in from mostly from the SW to the NW direction. 

 

Figure 4-7:  Wind Rose to Show Prevailing Wind Directions for December 4
th

, 2009. 

The results for the data collected during the operation of the WTGs from its start in 

late October 2009 until mid-January 2010, representing about two and a half months of 

continuous operation, are summarized below in Table 4-3 and Figure 4-8.   

The first column of Table 4-3 shows the exact dates for which the energy data were 

collected over that time period.  The sixth and seventh columns, respectively, show the 

actual total energy produced by the 3 WTGs, and the amount predicted by the model.  The 
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last two columns show these results as cumulative values.  Review of operational results as 

of January 12th, 2010, shows that the model predicted a cumulative energy production of 

13,875 kWh, while the actual production was 14,470 kWh;  an underestimation of 4.1%.   

Figure 4-8 shows the results of these last two columns when plotted as pairs of data; 

the results indicate a fairly consistent and accurate prediction of energy generation over the 

78 days (≈ 2½ months) period of data collection, as indicated by a close fit to the reference 

black line representing exact prediction. 

Table 4-3:  Results Summary – Actual Energy Output Comparison versus Energy Predicted by Empirically-Derived Model 

Wind Turbine Actual Energy Output Summary Compared with Results from Empirical Energy Prediction Model 

 
Days Actual kWh reading 

kWh 
readings 

Computed Av./WTG Computed Cumulative kWh reading 
kWh 
readings 

Computed 
ed M/D/Y Covered WTG 1 WTG 2 WTG 3 Total (×3) (㎾h) (Actual) (㎾h) (×1) (㎾h) WTG 1 WTG 2 WTG 3 Total (×3) (㎾h) 

10/26/2009  All 3 WTGs Commissioned. 0 
   

0 0 0 0 
 10/30/2009  4 156 98 111 365 355.5 121.7 118.5 156 98 111 365 355.5 

11/1/2009 2 200 105 183 488 543 162.7 181.0 356 203 294 853 898.5 

11/3/2009 2 46 49 44 139 172.5 46.3 57.5 402 252 338 992 1071 

11/4/2009 1 13 14 12 39 35.1 13.0 11.7 415 266 350 1031 1106.1 

11/5/2009 1 27 37 34 98 68.7 32.7 22.9 442 303 384 1129 1174.8 

11/6/2009 1 15 23 21 59 78.9 19.7 26.3 457 326 405 1188 1253.7 

11/8/2009 2 165 150 152 467 377.7 155.7 125.9 622 476 557 1655 1631.4 

11/9/2009 1 56 50 47 153 164.4 51.0 54.8 678 526 604 1808 1795.8 

11/10/2009 1 26 26 16 68 34.2 22.7 11.4 704 552 620 1876 1830 

11/11/2009 1 69 72 57 198 207.9 66.0 69.3 773 624 677 2074 2037.9 

11/12/2009 1 46 48 35 129 124.5 43.0 41.5 819 672 712 2203 2162.4 

11/16/2009 4 96 84 67 247 233.4 82.3 77.8 915 756 779 2450 2395.8 

11/18/2009 2 206 240 204 650 655.2 216.7 218.4 1121 996 983 3100 3051 

11/19/2009 1 90 97 88 275 237.6 91.7 79.2 1211 1093 1071 3375 3288.6 

11/20/2009 1 55 56 55 166 148.5 55.3 49.5 1266 1149 1126 3541 3437.1 

11/21/2009 1 13 13 13 39 35.7 13.0 11.9 1279 1162 1139 3580 3472.8 

11/22/2009 1 77 79 69 225 36.9 75.0 12.3 1356 1241 1208 3805 3509.7 

11/25/2009 3 52 45 44 141 354.6 47.0 118.2 1408 1286 1252 3946 3864.3 

11/30/2009 5 385 486 463 1334 1275.3 444.7 425.1 1793 1772 1715 5280 5139.6 

12/1/2009 1 98 119 112 329 303.3 109.7 101.1 1891 1891 1827 5609 5442.9 

12/2/2009 1 103 80 83 266 271.5 88.7 90.5 1994 1971 1910 5875 5714.4 

12/3/2009 1 125 190 163 478 271.5 159.3 90.5 2119 2161 2073 6353 5985.9 

12/4/2009 1 79 97 90 266 256.2 88.7 85.4 2198 2258 2163 6619 6242.1 

12/9/2009 5 239 255 243 737 724.8 245.7 241.6 2437 2513 2406 7356 6966.9 

12/10/2009 1 246 278 271 795 798.6 265.0 266.2 2683 2791 2677 8151 7765.5 

12/11/2009 1 186 252 248 686 683.4 228.7 227.8 2869 3043 2925 8837 8448.9 

12/16/2009 5 406 361 355 1122 991.5 374.0 330.5 3275 3404 3280 9959 9440.4 

12/18/2009 2 12 12 10 34 54.9 11.3 18.3 3287 3416 3290 9993 9495.3 

12/25/2009 7 493 585 492 1570 821.7 523.3 273.9 3780 4001 3782 11563 10317 

12/30/2009 5 148 160 156 464 1161.6 154.7 387.2 3928 4161 3938 12027 11478.
6 1/5/2010 6 553 561 528 1642 1386.6 547.3 462.2 4481 4722 4466 13669 12865.
2 1/12/2010 7 269 272 260 ` 1010.7 267.0 336.9 4750 4994 4726 14470 13875.
9 
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Figure 4-8:  Graph of Total Energy Output—Predicted by Model versus Actual 

4·5 Wind Analysis Summary 

During the development of the power generation and energy output model, it was 

found that the wind speeds fit a Weibull distribution when the winds were blowing.  

Mathematically, the Weibull distribution exists only for all positive values;  which the wind 

speeds meet, except for periods when no wind is blowing (i.e. wind speed = 0 m/s), this 

condition is violated.  Thus, if the percent of time when the winds were not blowing was 

included in the overall wind speed distribution, then the wind speed distribution could not 

be considered to be strictly uni-modal (Weibull) distribution, but rather a bi-modal 

distribution, where one mode was wind speeds of 0 m/s and the other was a Weibull 

distribution.  The wind distribution for October 27th, 2009 through November 30th, 2009 

shown in Figure 4-9 illustrates this situation; where for 4 % of the time in a period of 35 

days, there was no wind; while the rest of the time the wind speeds followed a Weibull 

distribution pattern. 
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Incidentally, the reason this range of dates was chosen was to essentially roll over 

the few days at the end of October into the wind analysis pattern for November, as it would 

essentially be the same as the wind distribution pattern for the November time frame.  The 

same type of approximation was done for the months of December 2009 and January 2010, 

where the range of dates selected coincided with the closest to the data entry dates for the 

Wattmeter readings at the end of December.  For December, the wind analysis covers 

December 1st, 2009 through December 30th, 2009, while for January, the wind analysis was 

done for December 31st, 2009 through January 31st, 2010.  
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Figure 4-9:  Actual (Bi-modal) Wind Speed Distribution from October 27
th

, 2009 through November 30
th

, 2009 

If the data points for wind in the 1st bin (i.e. from 0 m/s up to 0.5 m/s) were 

eliminated, then the Minitab can compute the Weibull distribution for the remainder of the 
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wind speed distribution.  Hence, the analysis was re-run, by applying the logical condition to 

exclude any wind data < 0.75 m/s as this would encompass all data in the first bin. 

When this was done, the following best-fit Weibull distribution curve was found, 

where the Shape Factor, k, was determined to be 2.733, and the Scale Factor, c, was 5.294, 

using 46,678 wind speed data points (N’), out of a total of 48,900 data points (N).  The 2,222 

data points residing in the 1st bin were excluded in getting the best-fit Weibull distribution 

curve. 
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Figure 4-10:  Weibull Wind Speed Distribution from October 27

th
, 2009 through November 30

th
, 2009 

The statistics for the wind speed data over this period are:  (i) Mean = 4.49 m/s,   

(ii) Standard Deviation = 2.04 m/s,  (iii) Minimum = 0.0 m/s, and  (iv) Maximum = 16.23 m/s. 

The wind direction during this period is shown by the wind rose in Figure 4-11 below. 
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Figure 4-11:  Wind Rose to Show Prevailing Wind Direction from October 27
th

, 2009 through November 30
th

, 2009 

A similar analysis for wind speed and direction for the month of December 2009 

yielded the following statistics for the wind speed data over this period:  (i) Mean =  

5.01 m/s,  (ii) Standard Deviation = 2.89 m/s,  (iii) Minimum = 0.0 m/s, and  (iv) Maximum = 

27.05 m/s.  A review of the total wind speed distribution for the month given in Figure 4-12 

shows that for about 3.7% of the time, there is no wind. 
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Figure 4-12:  Actual (Bi-modal) Wind Speed Distribution from December 1
st

, 2009 through December 30
th

, 2009 

Ignoring the “no wind” condition and plotting the remaining wind speed distribution 

as before, yielded a Weibull distribution as shown in Figure 4-13.   

When this was done, the following best-fit Weibull distribution curve was found, 

where the Shape Factor, k, was determined to be 2.007, and the Scale Factor, c, was 5.90, 

using 38,853 wind speed data points (N’), out of a total of 40,320 data points (N). 
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Figure 4-13:  Weibull Wind Speed Distribution from December 1

st
, 2009 through December 30

th
, 2009 

The wind direction during this period is shown by the wind rose in Figure 4-14 below. 

 
Figure 4-14:  Wind Rose to Show Prevailing Wind Direction from December 1

st
, 2009 through December 30

th
, 2009 
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The analysis for wind speed and direction for the month of January 2010 yielded the 

following statistics for the wind speed data over this period:  (i) Mean = 4.93 m/s,  (ii) 

Standard Deviation = 2.09 m/s,  (iii) Minimum = 0.0 m/s, and  (iv) Maximum = 16.27 m/s.  A 

review of the total wind speed distribution for the month given in Figure 4-15 shows that for 

about 1.3% of the time, there is no wind. 
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Figure 4-15:  Actual (Bi-modal) Wind Speed Distribution from December 31
st

, 2009 through January 31
st

, 2010 

Ignoring the “no wind” condition and plotting the remaining wind speed distribution 

as before, yielded a Weibull distribution as shown in Figure 4-16.   

When this was done, the following best-fit Weibull distribution curve was found, 

where the Shape Factor, k, was determined to be 2.634, and the Scale Factor, c, was 5.634, 

using 44,040 wind speed data points (N’), out of a total of 44,641 data points (N). 
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Figure 4-16:  Weibull Wind Speed Distribution from December 31

st
, 2009 through January 31

st
, 2010 

The wind direction during this period is shown by the wind rose in Figure 4-17 below. 

 

Figure 4-17:  Wind Rose to Show Prevailing Wind Direction from December 31
st

, 2009 through January 31
st

, 2010 
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The review of Figures 4-11, 4-14 and 4-17 show that in late Fall, there is a fair 

amount of wind coming from the ESE to SSE direction in addition to that from the WNW to 

NNW direction.  As winter sets in and progresses, the percentage of winds blowing from the 

ESE to SSE diminish until it is mostly from the WNW to NNW direction by January.  Therefore, 

future sitings for a WTG in the areas near to the WRLS site should ensure that minimal 

obstructions are in the SE–NW direction as most of the wind (at least for late Fall to end of 

January) blow from these two main directions. 

When the average monthly wind speeds at the WRLS site for the roughly 3-month 

time period of the study discussed earlier in this section were compared with those found 

for Youngstown, OH, as given in Figure 4-3, it was found that the average wind speed for the 

open, flat terrain at the WRLS site was 4.79 m/s while the average wind speed for the urban 

Youngstown was 3.85 m/s.  This amounts to 25% higher average wind speeds for the WRLS 

site over this time period.  The maximum wind speed for this 3-month period was found to 

be 18.37 m/s and 14.49 m/s, respectively, for the WRLS site and Youngstown.  This amounts 

to 27% higher maximum wind speed at the WRLS site as compared to Youngstown.   

The WRLS site is located WSW of Youngstown, OH by about 50 km (31.1 mi).  Hence, 

it can be assumed that the same overall mesoscale weather patterns exist at these two 

locations.  Therefore, these observed wind speed differences can be attributed to the WRLS 

site being at the 2nd highest elevation area in Mahoning County, with a flat open terrain with 

no obstructions to the wind flow at the anemometer location versus a built-up, urban area 

for Youngstown. 

A key premise for this thesis was that the power generated by a WTG based on a 

single average wind velocity can often overestimate the power generated.  At other times, it 
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can underestimate the power generated (and hence the energy output) based on the actual 

distribution of wind speeds at the proposed WTG installation site.  Therefore, the energy  

output of the three Proven WT 35 WTGs at the 3-month average wind speed of 4.79 m/s 

from late October to mid January was found to be 8,344.2 kWh (= 2,781.4 kWh/WTG × 3 

WTGs), while the actual energy output measured was found to be 14,470 kWh.  These 

results validate and confirm this thesis premise: that it is important to determine the wind 

distribution accurately for any estimation of power generation for a WTG. 

The review of Figures 4-9, 4-12 and 4-15, show that only for very brief periods is 

there absolutely no wind.  Therefore for practical purposes, this can be ignored, and a Weibull 

distribution can be assumed as a good first order approximation.  When this is done to get a 

Weibull distribution, it is observed that the Shape Factor, k, for all cases is ≥ 1 and ≤ 10, in 

which case k = (ςV/vMEAN)–1.086 where ςV is the standard deviation of the wind speed and 

vMEAN is its mean, and the Scale Factor, c, then satisfies the following approximation:  c ≈ 

vMEAN × (0.568 + 0.433/k)(–1/k) (Manwell et al. 2008).  Thus, knowing just the average wind 

velocity and its standard deviation, a good wind speed distribution curve can be generated.  

This can then be used to determine a good estimate of the power generation and energy 

output by applying the power obtained at particular wind speeds from the WTG’s power 

curve from the manufacturer without undertaking a comprehensive wind flow study.   

Incidentally, if the shape factor, k, was close to 2 (as it happened for the month of 

December, then the Rayleigh distribution (which is a simplified, special case of the Weibull 

distribution) could be applied with minimal error.  In this case, then, there would be no 

need to know the standard deviation for the wind speed in order to predict the wind speed 

distribution, but this was found to be generally not the case in the time period of this study.  
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Instead, the overall actual wind speed distribution was found to be as shown in Figure 4-18 

below.   
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Figure 4-18:  Actual (Bi-modal) Wind Speed Distribution from October 27
th

, 2009 through January 31
st

, 2010 

A review of this Figure shows that for about 3.2% of the time there was zero wind.  

By ignoring 3.2% of the “no wind” condition (that is, 4,290 data records out of 133,861 data 

records) and plotting the remaining wind speed distribution as before, yielded a Weibull 

distribution as shown in Figure 4-19.   

The key Shape and Scale factors for this overall Weibull approximation for the wind 

distribution, were found to be as follows:  the Shape Factor, k, was determined to be 2.347, 

and the Scale Factor, c, was 5.600, using 129,571 wind speed data points (N’), out of a total 

of 133,861 data points (N).  The average wind speed over this time period was found to be 

4.79 m/s with a standard deviation of 2.36 m/s.  The minimum and maximum wind speeds 
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found during this period were, respectively, 0 m/s and 27.05 m/s. 
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Figure 4-19:  Weibull Wind Speed Distribution from October 27

th
, 2009 through January 31

st
, 2010 

The overall wind distribution pattern over this time frame is given by the wind rose 

shown below in Figure 4-20. 

 
Figure 4-20:  Wind Rose to Show Prevailing Wind Direction from October 27

th
, 2009 through January 31

st
, 2010 
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4·6 Determination of Site’s “Surface Roughness” Factor 

According to Manwell et al.  (2008),  “Flat terrain is terrain with small irregularities 

such as forest, shelter belts, etc., (see Wegley et al., 1980).  Non-flat terrain has large-scale 

elevations or depressions such as hills, ridges, valleys, and canyons.  To quantify as flat 

terrain, the following conditions must hold.  Note that some of these rules include wind 

turbine geometry:   

 Elevation differences between the wind turbine site and the surrounding 

terrain are not greater than about 60 m anywhere in an 11.5 km diameter 

circle around the turbine site. 

 No hill has an aspect ratio (height to width) greater than 1/50 within 4 km 

upstream and downstream of the site. 

 The elevation difference between the lower end of the rotor disk and the 

lowest elevation on the terrain is greater than three times the maximum 

elevation difference (h) within 4 km upstream.” 

The above definitions for flat terrain were checked for the WRLS site by reviewing 

elevation data from Google Earth for a 11.5 km (7.1 mi.) diameter circle centered at the site.  

It was found that the elevation along the N-S, E-W, NE-SW and SE-NW major compass 

directions varied as follows: 

N-S: varied between 343 m (1125') at due North to 354 m (1160') at due South. 

E-W: varied between 336 m (1101') due East to 332 m (1089') at due West. 

NE-SW: varied between 340 m (1115') due Northeast to 337 m (1107') at due Southwest. 

SE-MW: varied between 351 m (1151') due Southeast to 333 m (1093') at due Northwest. 
 

Note: The WRLS site elevation (base of WTG 3) is 348 m (1142') above msl and the  

 allowable Δelevation means elevations within the 11.5 km diameter range should be  

 between 288 m (945') and 408 m (1339');  which were well within this range. 

In no case, did the elevation vary significantly from the ranges given above.  In fact, 

the highest elevation within this 11.5 km diameter circle was 358 m (1173') above msl at 41° 

0' 1.97" N  80° 54' 13.36" W; while the lowest point was found to be 296 m (970') above msl 
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at 41° 3' 45.06" N  80° 58' 51.53" W.  This meant that the first of Manwell et al.’s three 

conditions of a flat terrain was met. 

For the verification of the second condition, a scan of the area subscribed by the 

11.5 km diameter circle centered at the site, using Google Earth, showed that there was not 

an abrupt elevation change in the region.  Elevation changes over the surrounding terrain 

are gradual, meaning that the aspect ratio for the hills stipulated in the second condition 

was also met. 

With regard to the third condition, it was found that this condition was met 

everywhere in the stipulated 4 km (2.5 mi.) radius around the WTG site, except in the 

general WNW direction at a distance of just under the 4 km.  Here the elevation was found 

to be 327 m (1072'),  which gave the difference in elevation between the WTG site and this 

area, Δelevation = 30 m (98').  This was more than a third of the height of lowest tip of WTG = 

44.3 m (145').  This meant that winds from that general direction would encounter less flat 

terrain.  However, Manwell et al. mention “If, however, the wind blows only 5% of the time 

from this direction with a low average speed, say 2 m/s, then this terrain should be 

classified as flat” (Manwell et al. 2008). 

A review of the WRLS site analysis report prepared by Olsavsky Jaminet Architects 

shows that the percent power from the wind from the WNW direction was 6.5%.  In 

addition, it should be mentioned that there is a stand of forest of about 12 m to 15 m in 

height in the distance to the North and to the West of the site.  Hence, the wind from the 

WNW direction could be assumed to go over the uniformly high growth of dense forest, 

thus decreasing the effective Δelevation between the wind blowing from the WNW toward the 

site, while the effect of the leeward inner turbulence area after passing over the forest can 
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be assumed to be negligible because of the distance from the site as per Kemp  (266).  

Hence, the site was assumed to be “flat” terrain when selecting the wind shear factor, α, in 

Equation 2-7 for wind speed corrections during a second iteration of the power generation 

model.  This type of analysis essentially represents a measure of the “surface roughness.” 

Analysis of Table 1-1 from “NREL:  Dynamic Maps, GIS Data, and Analysis Tools - 

Wind Maps” shows that α = 0.14 – 0.15 for all wind power classes at 50 m (164') height 

where wind flow without surface effects is assumed.  This supports the findings that for 

mostly flat terrain, a conservative value of α = 0.2 can be used, while for rough terrain, an α 

= 0.4 is more appropriate.  Hence, α = 0.2 was used in Equation 2-7 to adjust wind speeds 

for the elevation difference between the WTGs and the anemometer at the study site. 

Using the height Δ’s from Table 1 in Equation 2-7 with an α = 0.2, yields the wind 

speed multiplying factors of 1.04223, 1.03432, and 1.01321, respectively, for WTG 1, 

WTG 2, and WTG 3; or an underestimation of 1% to 4% in the wind speeds.  As energy in the 

wind (and hence, extractable energy) is proportional to the cube of the wind velocity, these 

wind speed adjustment factors yield about 13%, 11%, and 4% under-valued energy 

estimates for WTG 1, WTG 2, and WTG 3, respectively, with all other parameters being 

constant, or an average of about 9% underestimation of the energy.   

These factors were applied to the wind speeds encountered by the WTGs and the 

model was re-run using Equation 2-7 with an α = 0.2 to adjust the wind speeds at the WTGs, 

for two energy data points:  for January 5th, 2010 and January 12th, 2010 encompassing 13 

days of data.  The results show the cumulative energy output for those 13 days as:  2,631.8 

kWh (calculated by the model using the corrected wind speed factors) versus 2,443 kWh of 

actual measured energy production by the 3 WTGs.  This was a positive difference of 7.7% 
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versus the model’s first pass energy output results that were under-rated by 4.1%; giving a 

net positive difference of 11.8%, which is close to the predicted value of an average increase 

of 9%. 

Given that the “improved” comprehensive model really did not offer any tangible 

improvement in modeling accuracy, but was three times more compute intensive and 

overestimated the energy output by about 7.7%, versus a 4.1% conservative prediction 

without any wind speed corrections, it was decided not to incorporate any wind speed 

adjustments for the rest of the data analysis from the model. 

This result was qualitatively in keeping with the expectation that for an essentially 

“flat” terrain, at sufficiently high heights from the ground, the ground effects causing wind 

shear tend to be minimal;  causing α → 0.  Incidentally, the results show that the initial 

power curve choice for the Proven WT 35 WTG (as shown in Figure 3-3) was correct, as no 

scalar multiplier was needed to accurately reflect the energy predicted by the model. 

The results actually lend support to the early assumption that the wind velocities at 

the three hub heights are essentially the same as that measured by the anemometer. 

4·7 Discussion on Air Density and its Effects on Power Generation 

A discussion on any energy model is not complete without discussing the effects of 

the air density, as that is also a key parameter that affects the power output of any wind 

turbine (cf.  Equation 2-2).   

When the power generation model was developed, it was assumed (at least for the 

first iteration) that the air density, , was 1.15 kg/m3 for our case.  This was based on refer-

ence to the “Air density table” available via  http://www.wasp.dk  on the  WWW, which lists 

http://www.wasp.dk/
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 = 1.150 kg/m3 at 20 °C,   = 1.169 kg/m3 at 15 °C,  and  = 1.188 kg/m3 at 10 °C  at 400 m 

elevation above msl. 

From Table 3-2, it can be seen that the WTG 1, WTG 2 and WTG 3 hub heights are at 

an approximate elevation of 404.3 m, 402.1 m and 396.8 m above msl.  Hence, the air 

density values at 400 m elevation above msl were applicable for our model. 

From the analysis of the wind data, the average of the daily temperature from 

October 27th, 2009 through January 12th, 2010 was found to be 13.1 °C, while the average 

daily temperatures ranged from a low of 12.8 °C to high of 13.3 °C.  Hence at the average air 

temperature of 13.1 °C at an elevation of 400 m above msl, the air density  ≈ 1.176 kg/m3 

(using linear interpolation as a first order approximation from the values determined from 

the “Air density table”).  This value is 2.3% higher than  = 1.150 kg/m3.  This indicates that 

the model underestimated the energy output because the colder, denser air (hence slightly 

more mass and attendant kinetic energy) was flowing past the rotor blades than what the 

model took into account by assuming the air temperature = 20 °C. 

For the model to use a rigorous application of the day-to-day variability in air 

density, it would need to convert the minute-by-minute air temperature data into a density 

value and apply a treatment similar to wind speed.  However, since the density variation is 

relatively small as compared to the range of wind velocities and the fact that the energy is 

proportional to the cube of the velocity versus being directly proportional to air density 

variations, the error introduced by ignoring this treatment is very minor.  In fact, a pseudo-

scalar multiplier of the positive density variation of 2.3% could actually be considered to 

mitigate the model’s 4.1% underestimation of the energy output by about that amount, 

thereby making the model be (conservatively) off by only about 1.8%.  
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4·8 Economics of WTGs 

As in many cases of anthropogenic impacts, the true cost is often not included in 

most common economic analyses such as determining the return on investment or a 

payback period for implementing a particular technological solution to human need.  This is 

also true of siting WTGs.   

For example, Gipe mentions the short payback period for WTGs in the Falkland 

Islands, where “the high cost of flying in diesel fuel to remote telecom and military sites 

translates into $ 21,000 per hour of diesel-generator operation. At such sites, says Tim 

Cotter of the *Falkland+ Islands’ Development Corporation, small wind turbines can pay back 

their installation costs in a few hours.” 

On the other hand, as an educational institution, the WRLS school gets a two-tiered 

discounted energy pricing from Ohio Edison (their electric utility company) at 11.26 ¢/kWh, 

and 9.76 ¢/kWh to which are added miscellaneous costs such as “Customer Charge,” 

“Delivery Charge,” “Transition Charge,” “General Related Component,” and “Transmission 

Related Component.”  This makes it harder for the school to calculate the real energy 

savings due to their installation of the three Proven WT 35 WTGs and makes the payback 

period longer than some other Ohio Edison commercial or private customers without 

discounts and tiered pricing.  In 2007, WRLS costs for utility consumption was $ 89,911.18.  

Their estimated monthly electrical energy consumption is about 50,000 kWh for which they 

pay Ohio Edison $ 5,120.00 a month.  This makes their final electricity cost per kWh come 

out to be about 10.2 ¢ (taking into account all the surcharges and discounts). 

From the actual energy generation data from the 3 WTGs at the WRLS school site, it 

was found that the total energy generated over about 3 months (99 days of operation) from 
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the WTGs was 22,414 kWh or about 82,600 kWh annually.  Thus, the projected electricity 

generated by the 3 WTGs amounts to an annual savings of $ 8,460.   

The total cost of the project (WTG costs, leasehold improvements, site surveys, 

foundation preparation, tower and WTG installation, electrical grid tie-in and associated 

electrical and electronic componentry housed in a new, separate powerhouse shed built 

close to the WTGs, professional fees, etc., was estimated at $ 325,251.00, while the Ohio 

Alternate Energy grant offset this cost by $ 151,204.00, for a net project cost of 

$ 174,047.00.  This yields a simple payback period of about 20.6 years, without including the 

time value of money.  However, the credit WRLS would receive for selling their Renewable 

Energy Certificates (RECs) on the open market are not factored in.  At the current open 

market value, selling a solar REC pays about $ 1,000 per REC (= 1 MWh) or can return about 

$ 82,600 annually to WRLS (Office of the Ohio Consumers’ Counsel 2009, and “SRECs”).  (It is 

assumed that selling a wind energy REC will yield the same benefit as selling a solar REC 

(SREC) as both reduce the carbon footprint without any added carbon utilization decreasing 

this benefit.)  While the price of RECs is expected to drop as years go by as more clean 

energy is produced, the current advantage allows WRLS to pay for the project in about two 

years, after which it can receive an ongoing substantial net positive financial benefit. 

Clearly, then external socio-political and economic factors deeply affect the direct 

project costs, even if the true anthropogenic costs are not factored in.  Factoring these costs 

mean that renewable energy, such as wind energy has a significant overall impact on the 

quality of life of people and the environment. 
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Chapter 5: Summary, Conclusions, And 

Recommendations 

5·1 Summary and Conclusions 

The empirical model developed shows a good correlation to the actual power 

generated by the three wind turbines;  showing a conservative prediction off by only 4.1%.  

Neither adjustments for wind velocity due to hub height variations from the anemometer 

height, nor additional compensation for the air density increase due to colder temperatures 

were proved to be needed as its effect from elevation was taken into account.  Thus, the 

model, as first run, was accurate enough to predict long-term energy output from actual 

wind data with good results.  Also, the results validated the thesis premise that using a 

single wind speed datum without utilizing the underlying wind distribution patterns can lead 

to gross errors in energy output estimations. 

In developing this model, it was found that the wind speed distribution pattern at 

the site did not show a bi-modal distribution, but rather a straightforward Weibull 

distribution pattern, if the few instances of “no wind” were ignored.  This fact allows the use 

of a Weibull distribution to predict the wind speed distribution using a yearly average and 

standard deviation of wind speed for future WTG siting purposes in areas nearby to the site 

location.  This can be useful for predicting WTG power generation or energy output without 

extensive wind analysis for nearby areas with the same overall mesoscale weather patterns. 

In developing the full-fledged empirical model, a simplified model was also 

developed and verified to be accurate up to about 7½ m/s (16.8 mph).  This was deemed 

adequate for most areas surrounding the Youngstown metro area as the average of wind 
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speeds for the 12-month period from November 2009 through October 2010 was found to 

be 3.4 m/s (7.5 mph), with December 2009 recording the highest monthly average wind 

speed of 4.2 m/s (9.4 mph). 

Lastly, it was determined that the area surrounding the WRLS site where the three 

WTGs were sited to be essentially “flat,” allowing for basically uninterrupted wind flow at 

50 m (164') elevation from ground level.   

5·2 Recommendations 

The method developed for this research to determine energy output for the Proven 

WT 35 WTGs shows that using such a method yields good results when wind data can be 

correlated with actual energy output.   

It is recommended that a follow up analysis be undertaken to utilize a full year of 

detailed wind data available from the site and extrapolate that into an estimated annual 

energy output for the site.  Conceivably, during this follow-up, the model could be adapted 

to accept the changes in air density from the air temperature data for better results.  Again, 

this study could see if the Rayleigh distribution—a simplified case of the Weibull 

distribution—holds for the annual wind speed distribution pattern as opposed to the 

general Weibull distribution pattern that seems to be the case for this area based on the 

time period studied for this research.  If so, this can simplify the generation of the wind 

distribution pattern for power predictions.  Such a study can also be used to verify if the 

power output is indeed the same after the shortened blades and improved hinges were 

retrofitted on the three WTGs as claimed by Proven Energy, Ltd. 
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Finally, based on the recommended study above, if the site’s wind speed 

distribution over a 12-month period was indeed found to follow a Weibull distribution, it 

could be assumed that the wind speeds in nearby areas would have a similar wind 

distribution pattern.  Then, it can be recommended that such a distribution be used to 

estimate power generation using a WTG’s power curve as the model developed for this 

thesis shows that this would reasonably predict the future power or energy output from 

that WTG in the general surrounding areas with similar wind patterns. 
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Appendix A·1: Derivation of Power Equation 

from Wind Energy for WTGs 

A·1.1 Derivation of General Power Equation for Cylindrically  

 Flowing Fluid Mass 

The derivation can be obtained from several published sources on the web; for 

example, www.talentfactory.dk or www.wikipedia.org.  Textbooks such as (Vanek  and  

Albright  2008) either derive it as a complex equation dependent on the lift and drag 

coefficients, CL and CD, respectively, starting from the definition of λ, the ratio of the rotor 

tip speed to incoming axial wind velocity, and use the simplified, derived Equation A·1 – 9 in 

further computations, or ask the reader to derive it as an exercise (Manwell et al. 2008).  

Hence, for the sake of convenience, a simple derivation was included here, as shown below. 

Any moving mass, m, has kinetic energy, E, given by the equation: 

E = ½ m·v2 (A·1 – 1) 

where v is the velocity of the moving mass (and is assumed to be axially parallel to the 

HAWT rotor axis), whereby the respective units for energy, mass, and velocity in the SI 

system are:  joules, kg, and m/s, respectively. 

For a Horizontal Axis Wind Turbine (HAWT), then, the volume, V, of air sweeping 

past the rotor per second is given by the cylinder subtended by the rotor area, A, times the 

linear distance, d, covered by the air in 1 second, as given below: 

V (m3) = A (m2) × d (m) (A·1 – 2) 

Since the distance, d, is covered per second, Equation (A·1 – 2) becomes: 

V (m3/s) = A (m2) × v (m/s)    (∵ v (m/s) = d (m) ÷ 1 (s)) (A·1 – 3) 

http://www.talentfactory.dk/
http://www.wikipedia.org/
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where V is now in cubic meters per second in Equation (A·1 – 3). 

Since density, , of any material is (in this case, air): 

 (kg/m3) = m (kg) ÷ V (m3) (A·1 – 4) 

or  

 (kg·s/m3) = m (kg) ÷ (A (m2) × v (m/s))   

 (∵ V = A × v from Equation (A·1 – 3)) (A·1 – 5) 

where  in kg·s/m3 represents the density of air sweeping past the rotor every second. 

Therefore, re-arranging Equation (A·1 – 5) to get the value of the mass of air flowing 

past the rotor, yields: 

m (kg) =  (kg·s/m3) × A (m2) × v (m/s) (A·1 – 6) 

Hence, by substituting the value for mass, m, from Equation (A·1 – 6) into Equation 

(A·1 – 1), the result is: 

E (j) = ½ (·A·v)·v2 (kg·m2/s2) = ½ ·A·v3 (kg·m2/s2) (A·1 – 7) 

Since power is defined as energy per unit time, the maximum power, P (in Watts), in 

a cylindrical mass of uniformly flowing fluid (air, in this case, flowing past the rotors) is given 

by: 

P (W) = E (j) ÷ 1 (s) = ½ ·A·v3 (kg·m2/s3) (A·1 – 8) 

Equation (A·1 – 8) can be re-written as: 

    P (W) = ½ ·A·Cp·v3 (kg·m2/s3)    (A·1 – 9) 

where Cp is the Coefficient Of Power Extraction (efficiency) and its value must satisfy 0 < Cp < 1.   

In the next section (Appendix A·1.2), it is shown that Cp has a maximum value of     ⁄  

= 0.5926 (know as Betz’ Limit) and that it is a function of the wind velocity ratio.  In other 
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words, Cp is dependent on the wind velocity, rather than it being a single number of 

constant value. 

A·1.2 Coefficient of Power Extraction, CP, and “Betz’ Limit” 

Albert Betz was a German physicist who proved that for a HAWT design, the 

maximum value of Cp =     ⁄  ≈ 0.5926.  This is known as Betz’ Law or Betz’ Limit. (“Betz Limit,” 

available via http://www.reuk.co.uk/Betz-Limit.htm on WWW;  and “Betz’ law,” available 

via http://en.wikipedia.org/wiki/Betz%27_law on WWW.) 

To understand Betz’ Limit, it helps to first discuss this qualitatively before proving it 

rigorously.  (This is derived and provided below as a convenient reference.) 

If the assumption is made that Cp = 0, then there would be no energy extracted by 

the WTG, and the wind would pass through the rotor sweep area with the same kinetic 

energy as it did before it passed through the rotors.  Therefore, Cp ≠ 0 if any power is 

extracted by the WTG when the wind is blowing. 

On the other hand, if Cp = 1, then it means that all the kinetic energy in the wind is 

extracted.  This would imply that the air has no velocity after it passed through the rotor 

sweep area.  This cannot happen either, as it would mean that the rotor blades are so 

perfectly “air tight” that it completely stops the air flow over them.  This can only happen if 

the rotor area, A, is a solid disk …and extracts all its energy.  However, even if the rotors 

were a solid disk, they would not be able to extract any energy from the wind impinging 

upon it, as the disk would not rotate with only an orthogonal force upon it.  Hence, Cp ≠ 1 

for the above reason.  Another reason that Cp cannot be unity is because some of the wind 

impinging upon the rotors passes through the rotor plane  …that is, the air downwind of the 

http://www.reuk.co.uk/Betz-Limit.htm
http://en.wikipedia.org/wiki/Betz%27_law
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rotor plane has to have at least some (reduced) velocity to be able to pass through the 

“porous” rotor plane; implying that not all of the kinetic energy of the wind was extracted. 

Clearly, then, even the theoretical, maximum power extracted by a horizontal axis 

WTG—as represented by Cp—has to be less than unity. 

The following illustration, showing the forces generated on the WTG blade (which 

has an airfoil cross-section), can now help in understanding this a bit better. 

In Figure A·1-1, the air 

flowing past the airfoil generates two 

orthogonal force components that 

act on it, creating blade rotation and 

drag.  If this diagram represents the 

cross section of a rotor blade where 

its rotational axis is essentially 

parallel to the wind flow and below the plane of the paper, then the WTG rotation will be 

counterclockwise as seen when one faces the nacelle from the left of the diagram.  Also, 

from this diagram, it can be seen that as long as there is air flow over the blade, there is a 

drag force.  Hence the force vector that results in blade rotation is always less than the full 

force of the wind applied perpendicular to rotor sweep area. 

Since work done (or energy) is defined as the distance through which a force acts, 

thus, the rate of work done (or power) is the rate of change of the distance (or velocity) 

through which the force acts.  Hence, from Equation (A·1 – 9), the rotational blade force, FR, 

is given by: 

FR (N) = P (W) ÷ v (m/s) = ½ ·A·Cp·v2 (kg·m/s2) (A·1 – 10) 

Figure A·1-1:  Diagram Showing Rotational and Drag Forces  
on the Rotor Blade 
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By symmetry, the drag force, FD, is given by:  

FD (N) = ½ ·A·Cd·v2 (kg·m/s2) (A·1 – 11) 

where Cd·is the coefficient of drag. 

From aeronautics, it is well known that the ratio of  Cp : Cd (for all sub-sonic wind 

speeds) essentially increases linearly as the angle of attack increases from as 0° until stalling 

occurs at which point air separation starts to occur and the airfoil’s lift (or blade rotational 

force), FR starts to rapidly diminish, while the drag force, FD start to increase rapidly  (“Stall 

(flight)”).  Hence, there is a theoretical maximum value for Cp that is less than unity.   

A rigorous mathematical proof of the maximum value of Cp (or Betz’ Limit) is now 

given below. 

Unlike liquids, air is a highly compressible fluid which obeys the Universal Gas Law: 

p (Pa) · V (m3) = n (mol) · R (j·°K–1·mol–1) · T (°K) (A·1 – 12) 

where p is the pressure in Pascals, V is the volume of the gas in cubic meters, n is the 

number of moles of the gas (and in the case of air which is a mixture of individual gases, the 

number of moles is a linear sum based on individual partial pressures according to the 

constituent gases’ proportion in air), R is the universal gas constant = 8.314472  (j·°K–1·mol–1), 

and T is the absolute temperature of the gas in degrees Kelvin  (“Ideal gas law”). 

When the moving air approaches a solid object it forms an increasing pressure 

gradient in front of the solid object due to compression.  While the rotor sweep area is not a 

100% solid disk, it projects some fraction of its rotor sweep area as a solid surface to the 

approaching wind causing a localized higher pressure region just upwind of the rotor sweep 

area.  This pressure gradient forces some of the air around the WTG blades while the rest 

pass through the rotor area.  In effect, the approaching cylinder of air of circular cross-
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sectional area, A = rotor sweep area, will now expand into a larger diameter cylinder 

downstream of the “wine-bottle-shaped” air flow profile as it passes through the WTG 

rotors;  with the narrow “neck” of the “wine bottle” to the left of the airfoil (rotor blade) 

and the wider diameter “body” of the “wine bottle” to the right of the airfoil as represented 

by Figure A·1-1. 

According to the principle of Conservation of Mass, the mass of the air per second 

that enters the cross-sectional “neck” area, A, has to equal the mass exiting the larger cross-

sectional area, A’, of the “bottle’s body.”  Hence, the velocity of the air after it has passed 

through the rotor plane, v’, has to be less than v. 

Given that the mass of air entering the “neck” and leaving the “bottle’s body” is 

constant per unit time, it is reasonable to assume that the average wind speed through the 

rotor plane, vrp, is the average of the wind speed, v, in the “neck,” and the wind speed, v’, in 

the “bottle’s body.”  Hence: 

vrp (m/s) = ½ (v + v’) (m/s) (A·1 – 13) 

Substituting vrp into Equation (A·1 – 6), yields: 

m (kg) = ½  (kg·s/m3) × A (m2) × (v + v’) (m/s) (A·1 – 14) 

Since total energy (per second, or power) in the moving mass of air is given by 

Equation (A·1 – 1), the power, P, extracted by the WTG is equal to the initial total power, P0, 

in the wind entering the “neck,” less the total power in the wind exiting the “bottle’s body.”  

Thus, P is given by: 

P (W) = {(½ m·v2 (j) ÷ 1 (s)) – (½ m·v’2 (j) ÷ 1 (s))} = ½ m·(v2 – v’2) (W) (A·1 – 15) 

Substituting Equation (A·1 – 14) into Equation (A·1 – 15), yields the power, P, 

extracted from the wind as: 
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P (W) = ¼ ·A·(v +v’)·(v2 – v’2) (W) (A·1 – 16) 

Hence the ratio of P : P0 is given by: 

P/P0 = {¼ ·A·(v + v’)·(v2 – v’2)} ÷ (½ m·v2)  

 = {½ ·A·(v + v’)·(v2 – v’2)} ÷ (m·v2) (A·1 – 17) 

Let the ratio of v’ : v be denoted by R.  Now, substituting the value of m given by 

Equation (A·1 – 6) into the denominator of Equation (A·1 – 17) and simplifying, yields: 

P/P0  = {¼ ·A·(v +v’)·(v2 – v’2)} ÷ (·A·v3) = ½ ,(v +v’)/v- × ,(v2 – v’2)/v2}  

 = ½ (1 + R) (1 – R2) (A·1 – 18) 

The ratio of the power extracted from the wind, P, with respect to the total power in 

the wind, P0, or P : P0 is nothing but the power extraction efficiency, or Cp, the Coefficient of 

Power Extraction.  Hence, Equation (A·1 – 18) can be re-written as: 

    Cp = ½ (1 + R) (1 – R2)    (A·1 – 19) 

Incidentally, it is important to note that Cp is a function of R—the downwind to 

upwind wind velocity ratio—as shown in Equation A·1 – 19  …and not some constant value. 

To find the maximum value of Cp, then, the first derivative of Equation (A·1 – 19) has 

to be taken and equated to zero to determine the value of R for this condition to happen.  

This yields (as validated in Appendix A·1.3 using wxMaxima): 

d Cp/d R = (1 + R) (1 – 3R) = 0 (A·1 – 20) 

Solving for R from Equation (A·1 – 20) yields R = ⅓ or R = – 1.  Since both v and v’ are 

positive wind velocities, R ≠ – 1.  Hence, Cp(MAX) occurs when R = ⅓.  Therefore, substituting R 

= ⅓ in Equation (A·1 – 19), yields: 

    Cp(MAX) = ½ (1 + ⅓) (1 – (⅓)2) =     ⁄  = 0.5926    (A·1 – 21) 

In fact, a plot of Cp versus R can be generated (as shown in Appendix A·1.4 using the 
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MATLAB program) to see how the theoretical power extraction efficiency varies based on 

WTG blade design parameters (such as the angle of attack, number of blades, etc.), which 

impact v’, the wind velocity downwind to the rotor plane  … and thus, R. 

A·1.3 Validation of “Betz’ Limit” using “wxMaxima” 

The following program was created in wxMaxima to calculate and validate Betz’ 

Limit derived in Appendix A·1.2.  (See Appendix A·3.1 for more information on the 

wxMaxima program.) 

Cp-max(Betz' Limit)_validation.wxm 

(%i1) /* Set up the Eqn's to determine theoretical variation of Cp.  

 The Cp is set up as a function of ratio of downwind v. upwind 

 wind velocities */  

print("Let ",'Ratio[wind_velocities]='v[down]/'v[up],"=",'R)$ 

print("and ",C[p] = P/P[0]," (where",P,"is power extracted by WTG 

&", P[0], "is ")$ 

print("           total power in the wind impinging on WTG.)")$  

/* Set up the Eq'n for Cp (Use Eq’n A.1-19 from Appendix-A1.2) */ 

Cp:0.5*(1+R)*(1-(R)^2)$ 

print("Then, ",C[p],"=",Cp)$ 

(%i6) /* Optimize Cp to find the maxima */ 

print("Get ",’C[p-max]," by setting ",'diff('C[p],R),"=0 & 

solving...")$ 

 'diff('C[p],R)=diff(Cp,R)$  expand(%)$  factor(%); 

print("")$ 

print("When 1st derivative = 0, the general solution is:")$ 

solve(rhs(%th(3))); 

print("The real solution is ",part(%,1),", as R cannot be 

negative.")$ 

'diff('C[p],R,2)=ratsimp(diff(Cp,R,2)); 

print("The 2nd derivative = ",ratsimp(diff(Cp,R,2)),", which is 

negative for all positive R.")$ 

print("This ==> a maxima at ",part(%th(4),1),", for which... ")$ 

'C[p-max]=ev(Cp,R=rhs(part(%th(5),1))); 

print("Or...  ",'C[p-max]=ratsimp(ev(Cp,R=rhs(part(%th(6),1)))))$ 
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A·1.4 Graph of the Theoretical Value of CP as a Function of the Ratio  

 of Downwind to Upwind Velocities 

MATLAB is a commercially available software for engineering and mathematical 

computation  (“MATLAB Programming”).  The following program was written in MATLAB 

(Figure A·1-2), and run to give a plot of Cp as shown in Figure A·1-3 below. 

Figure A·1-2:  MATLAB Program Created to Graphically Find the Value of Betz’ Limit at the Maxima of CP Curve 

The program plots the graph of Cp as it varies as a function of the ratio of the wind’s 

initial velocity (upwind to the WTG) to its resultant lower, exit velocity (downwind of the 

WTG) in Figure A·1-1.  The maxima on the graph is the Betz’ Limit. 

 
Figure A·1-3: Betz’ Limit from the Maxima of CP Curve 

From Equation (A·1 – 21) and the MATLAB plot of Cp versus R in Figure A·1-3 above, 

it can be seen that the maximum theoretical power extractable by a HAWT turbine is 0.5926  

>> R=0:.1:1;  % vary R from 0 to 1 at 0.1 intervals 

>> Cp=.5*(1+R).*(1–R.^2);  % define expression for Cp in terms of R 

>> plot(R,Cp)  % create a plot from the above inputs, with R as  

   x value & Cp as y value 
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…or 59.26% of the total available kinetic energy in the wind.  Given practical losses due to 

design trade-offs and other power losses, the Cp for the most efficient WTGs usually range 

from around 0.35 to 0.42 as a weighted average over the WTG’s typical operating range; 

with about 0.3 being a typical value for most WTGs.
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Appendix A·2: Power Curves for Proven 

WT 35 WTG 

A·2.1 Background on Wind Turbine Generator Power Curves as it  

 Relates to “Proven WT 35” WTG 

In conducting research on the energy output of any a Wind Turbine Generator 

(WTG), it is essential to have the power output curve for the system.  The power output 

curve varies not only on the size of the WTG, but also from design to design for the same 

rated rotor swept area which captures the kinetic energy from the upwind wind impinging 

upon the rotor. 

In the case of Proven’s 15 kW wind turbine (introduced into the market in Spring 

2007), several power curves were found.  A discussion with the project leader for the 

installation of the three 15 kW Proven WTGs at Western Reserve Local K–12 School in Berlin 

Center, Ohio, Mr. Scot Loveland, it was determined that Proven clearly did not have one 

specific power curve for their 15 kW WTG.  In fact, the company (for reasons unclear), 

initially marketed their 15 kW sized WT-Series unit as simply Proven 15kW or WT15000.  In 

the discussion with Mr. Loveland, it was determined that the design of the unit (thus, the 

real technical specifications) had not changed for their 15 kW unit even though the units 

were later “re-branded” as WT 35 models. 

There was a worldwide recall on all WT15000/WT 35 15 kW Proven models in the 

beginning of 2010 due to failing rotor “hinges.”  The design improvements, subsequently 

made by Proven, meant a shorter, more efficient blade, software changes to the internal 

electrical circuitry, and, of course, a sturdier “hinge.” 
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Given the change in rotor diameter (from Øold = 9.0 m (29.5') to Ønew = 8.5 m (27.9')), 

it was obvious that the redesign would capture less of the incoming wind; hence the 

redesign of the WTG would yield a lesser energy output.  However, Proven claims that the 

technical specifications for the power curve have not changed due to blade and electrical 

circuitry improvements.  This model, understandably is different in design from their earlier 

WT15000/WT 35 models, but no changes were made to the power prediction model that 

this research aims to establish in order to accommodate the smaller rotor diameter, Ønew 

based on Proven’s claim of unchanged technical specifications as it relates to its overall 

power curve. 

What in fact, is critical to any research on a wind turbine is to have a good power 

curve; all of which have a leveling off of the power produced at high winds due to a 

process—implemented by design in all WTGs—called “furling.”  Some even produce zero 

power due to a complete system shutdown in high winds.  The reason for implementing a 

furling mechanism in all WTGs is that the system should start to slow down the spinning 

rotors in high winds so as not to self-destruct.  Manufacturers either install a manual or 

automatic shutdown for stormy weather.  The Proven design has a manual shutdown for 

very strong winds, but is otherwise capable of automatically slowing down the energy 

output in strong winds by “twisting” the blades out from the direct force of the strong 

airstream, so as to continue to produce power but at lower operating efficiencies;  namely, 

at lower Cp values. 

Were it not for furling, all WTGs could theoretically have infinitely increasing power 

production with increased wind speeds.  Therefore, a 15 kW WTG could produce more than 

15 kW in strong winds.  Hence, most manufacturers rate their systems at a certain optimum 
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operating wind speed; often based on steady wind in a wind-tunnel test rather than in real 

world applications, where variable winds would imply variable energy output—anathema to 

the design engineer also tasked with writing the technical specifications with marketing 

ultimately in mind. 

A typical power curve for an extended wind speed range is shown below in 

Figure A·2-1.  It is for the Flowind AWT-27 WTG with a rotor Ø = 27 m (88.6') and rated at a 

much higher power output capacity of between 250 kW – 300 kW optimized for wind 

speeds in the 15 m/s range;  thus, with a correspondingly high cut-in speed of 4 m/s.  

Additionally, the power curve clearly shows that the WTG starts to furl out of the wind for 

speeds above 15 m/s – 16 m/s and starts shutting down at 25 m/s. with complete stoppage 

at 26 m/s (Rosen 1998). 

 
Figure A·2-1:  Typical WTG Power Curve Showing Cut-off Wind Speed for High Winds 
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A·2.2 Various Power Curves Found for “Proven WT 35” WTG 

Based on the earlier discussion in Appendix A·2.1, it is understandable that Proven 

Energy’s initial power curve for their WT35 WTG peaked at 18,000 Watts at 12 m/s (26.8 mph) 

as shown in Figure A·2-2 below (“Proven Wind Turbines – Technical Specification Sheet”). 

 

Figure A·2-2:  Proven Energy’s Technical Specifications for their WT15000/WT 35 WTG 
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Other marketing literature from Proven Energy Ltd., show this power curve with some- 

what a lower peak power at 12 m/s (Figure A·2-3 below).  Interestingly, this marketing bro- 

chure shows a steady power output at 15 kWh above 20 m/s (45 mph) up to 50 m/s (112 mph). 

This seems unlikely, given that the system parameters governing the power generation 

function are very non-linear. 

  

Figure A·2-3  Marketing Brochure from Proven Energy, Ltd. 
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A third power output curve for the WT15000 shows, what Is presumably the most 

realistic situation, with a peak power of a little under 13 kW at 12 m/s as shown in 

Figure A·2-4 below (“Proven Wind Turbines – Power Curves”).  Also, it shows that the power 

production is somewhat non-linear in high winds, which seems more probable. 

 

Figure A·2-4:  Proven WT15000/WT 35 Power Curve with Proven WTG as Backdrop 

Hence, the power curve as shown in Figure A·2-4, but a clearer version from Better 

Generation showing the peak power as exactly 12,680 W at 12 m/s, was chosen as the basis 

for this research on the Proven WT15000/WT 35 WTGs, as it was published in a high 

resolution format allowing for minimal errors in its digitizing.  This power curve is shown in 

Section 3·1, Figure 3-3.  

To allay any concerns arising out of choosing the most conservative power curve for 

this study, it was observed that the power curve published by Better Generation was a high 

resolution curve of exactly the original power curve published by Proven (and shown in 

Figure A·2-2 above) with an 18 kW peak power at 12 m/s that was de-rated across the board 

by a constant factor of 1.420 (= 18000 kW ÷ 12680 kW).  Hence, any gross discrepancies that 
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could later be found by relating the power prediction model developed from this research 

could simply be corrected by multiplying the results by a small constant correctional factor.   

Upon conclusion of this study, it was found that there was no need for such a gross 

correction factor; indicating that Proven’s initial power curve was quite optimistic and the 

decision to choose the power curve from Better Generation was indeed the right initial 

choice. 

The Multilingual Beaufort Scale of Wind Force (Gipe 2004) rates winds at or above 

19 m/s (42.5 mph) as “Fresh gale,” while winds at or above 35 m/s (78.3 mph) as 

“Hurricane.”  Apparently, the power curve shown in the marketing brochure (Figure A·2-3) 

may be the reason why the WT15000 model was so called initially as it was expected to 

produce power at a steady 15 kW at winds above 20 m/s, but its designation was changed 

later to WT 35 as it was found that the WT15000 could never reach this output even at peak 

power at 12 m/s and that it clearly should not be operating (for safety reasons) in hurricane 

or even gale force winds. 
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Appendix A·3: wxMaxima Programs to 

Generate the Variability Curve 

of C
P
 with Wind Speed and the 

WTG Power Curve Function 

A·3.1 A Brief Overview of the “wxMaxima” Numerical Analysis  

 Program and its Application to Research on WTG Power  

 Output  

The wxMaxima numerical analysis programming language is freeware that runs on 

many operating systems, including a version for Microsoft’s Windows ® operating system.  It 

is distributed under the GNU General Public License (“Maxima (software)”). 

Three related programs were written in wxMaxima.  The first program was written 

to validate the Equations A·1 – 20 and A·1 – 21 and is described in Appendix A·1.3. 

The second program, described next, in Appendix A·3.2 invokes an extension to 

wxMaxima’s language for interpolating between data points using the cubic spline method.  

This program was then used to derive a useable mathematical function from discrete data 

points of the power curve for Proven Energy’s WT 35 WTGs that were studied and 

researched for this M.S. Engineering thesis.  The resultant function matched quite well to 

the original hardcopy of the WTG’s power curve as seen by comparing Figures 3-3 and 3-4. 

This computation was undertaken as the ability to determine power at any given 

wind speed from the derived function was necessary to produce a good theoretical model 

that could then be compared to the actual power produced by three of these WTGs 

installed at Western Reserve Local School in Berlin Center, Ohio.  A table of power output 

values was then generated from a program written in wxMaxima (and detailed in the next 
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section, Appendix A·3.2) for all the mid-points of the binned wind speeds that were needed 

for the statistical analysis for this research.  This is the second table in the output from the 

wxMaxima program; the results of which were manually transferred to the second Excel 

spreadsheet to analyze the final power output at the binned wind speeds from Minitab.  

This process was repeated for each energy output datum recorded; from the starting of the 

WTGs on October 26th, 2009  until January 12th, 2010 as listed earlier in Table 4-3. 

The first table in the output from the wxMaxima program (detailed in Appendix 

A·3.2) is a compilation of Cp values as a function of wind speed.  The results of this first table 

were used as input to another wxMaxima program (detailed in Appendix A·3.3).  These data 

together with the value of Betz’ Limit or Cp(MAX) =     ⁄  (a derivation of which is shown earlier, 

in Appendix A·1.2) were used by the third wxMaxima program to graphically display the 

variability of Cp (obtained from the manufacturer’s power curve data), as a function of wind 

speed, which is described in the next section in Appendix A·3.3. 
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A·3.2 Table of CP Values as a Function of Wind Speed and the WTG  

 Power Output Function and Table – Derived using “wxMaxima” 

The wxMaxima program created to generate the requisite tables (used for further 

analysis in either another wxMaxima program or in Excel) and the final graphical output of 

Proven Energy’s WT15000/WT 35 WTG power curve function (shown in Figure 3-4), is listed 

below. 

Generation of Proven Energy Power Curve Function.wxm 

(%i1) /* Proven Power Curve */ 

load("interpol");  

(%i2) 'DataPts=DataPts:[ [0,0], [0.5,0], [1,0], [1.5,0], [2,0], 

[2.5,0], [3,0], [3.5,167], [4,489], [4.5,1112], [5,1891], 

[5.5,2781], [6,3782], [6.5,4672], [7,5673], [7.5,6852], 

[8,8008],[8.5,9121], [9,10233], [9.5,11012], [10,11679], 

[10.5,12013], [11,12346], [11.5,12569], [12,12680], 

[12.5,12569], [13,12458], [13.5,12346], [14,12280], 

[14.5,12079], [15,11857], [15.5,11679], [16,11456], 

[16.5,11301], [17,11234], [17.5,11078], [18,11034], 

[18.5,10900], [19,10800], [19.5,10789], [20,10789] ]; 

(%i3) cspline(DataPts)$ 

Cspline(x):=''%; 

(%i5) /* Assume Proven Energy's WTG's rotor diam. = 9.0 m */ 

'CpLimit=CpLimit:16/27; 

/* Wpower(x) represents tot. Wind energy in 9 m diam. disk */ 

/* Mpower(x) untranslated Wpower(x) modified by CpLimit */ 

/* MTpowert(x) represents Wpower(x) modified by CpLimit &  

 Translated */ 

Wpower(x):=(((0.5*1.15)*x^3)*(%pi*(9.0/2)^2)); 

Mpower(x):=Wpower(x)*CpLimit; 

Mpower(3),numer; 

/* MTpowert(x):=Mpower(x)-Mpower(3); */ 

MTpowert(x):=Mpower(x)-586; 

(%i10) /* Determine Efficiency by trial & error, then apply value */ 

'Efficiency=Efficiency:0.85; 

'Cp=Cp:Efficiency*CpLimit; 

pwrtcp(x):=MTpowert(x)*Efficiency;  

(%i13) wxplot2d( [ [discrete,args(DataPts)], 'Cspline(x), 'Wpower(x),  

   'Mpower(x), 'pwrtcp(x) ],  

 [x,0,20], [y,-1000,13000],  

 [style, [points,2.35], [lines,1.6], [lines,1], [line,1],  
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   [line,1] ],  

 [color, red, blue, green, magenta, black],  

 [point_type, lozenge],  

 [legend, "Data Points","WT 35 Power Curve Function",  

   "Total Power in the Wind",  

   "Max. Extractable Power (Betz’ Limit)",  

   "Simple Power Model (Best Fit/Cp_virtual)" ],  

 [gnuplot_preamble, "set key bottom right"],  

 [xlabel,"Wind Speed (m/s)"], [ylabel,"Power Output (Watts)"]);  

(%i14) print("")$ 

print("Table of values for Cpreal for different wind speeds.")$ 

print("==================================================== ")$ 

print("")$ 

x:0.0$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:0.5$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:1.0$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:1.5$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:2.0$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:2.5$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:3.0$  print("For Wind Speed =  ",x,"m/s, Cpreal = ",0)$ 

x:3.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:4.0$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:4.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:5.0$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:5.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

   /* Cpreal has a maxima near the wind speed of 6 m/s. */ 

x:6.0$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:6.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:7.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:7.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:8.0$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:8.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:9.0$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:9.5$  print("For Wind Speed =  ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:10.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 
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x:10.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:11.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:11.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:12.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:12.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:13.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:13.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:14.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:14.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:15.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:15.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:16.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:16.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:17.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:17.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:18.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:18.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:19.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:19.5$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

x:20.0$  print("For Wind Speed = ",x,"m/s, 

Cpreal = ",ev(Cpreal:Cspline(x)/Wpower(x),numer) )$ 

(%i100) print("")$ 

print("Table of Power Output values for Wind Speeds at Binnned Mid-

points.")$ 

print("================================================================

==")$ 

print("")$ 

x:0.00$  print("For Wind Speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:0.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 
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Cspline(0),"W")$ 

x:0.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:1.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:1.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:2.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:2.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(0),"W")$ 

x:3.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:3.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:4.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:4.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:5.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:5.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:6.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:6.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:7.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:7.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:8.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:8.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:9.25$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:9.75$  print("For Wind speed =  ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:10.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:10.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:11.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:11.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:12.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 
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x:12.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:13.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:13.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:14.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:14.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:15.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:15.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:16.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:16.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:17.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:17.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:18.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:18.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:19.25$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

x:19.75$  print("For Wind speed = ",x,"m/s, Power Output = ", 

Cspline(x),"W")$ 

 

A·3.3 Graph of the Real CP for “Proven WT 35” WTG as a Function of  

 Wind Speed – Plotted using “wxMaxima” 

The following program was created in wxMaxima to plot the data points listed in the 

first table obtained as output from the wxMaxima program listed in Appendix A·3.2.   

As can be clearly seen from the plots generated by wxMaxima (and shown in 

Figures 4-1 and 4-2 in Section 4·2), the Cp changes with the wind speed; with a maximum 

value of the real Cp for the WT 35 WTG (as determined from its power curve) to be 47.9% at 
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a wind speed of 6 m/s.  This represents the operating point where the WTG is the most 

efficient in energy extraction from the prevailing wind.  The energy generated by the WTG is 

3782 Watts at 6 m/s, while the maximum energy output is 12,680 Watts at a wind speed of 

12 m/s.  Hence (as determined for the Proven Energy’s WT 35 WTG), the highest operating 

efficiency wind speed is not necessarily the wind speed where the maximum energy is 

generated by the WTG. 

Cp curve (as function of wind speed).wxm 

(%i1) /* Change of Cp with wind speed for Proven Energy’s 15kW WTG. */ 

/* NOTE: Suppress confirmation printing of the load() function  

   by using the $ suffix to end the commands rather than the ;  

   suffix for end_of_command. */ 

load("interpol")$ 

/* The following data points are copied from the output of  

   the 1st table from wxMaxima program listed in Appendix A.3.2 */ 

'DataPts=DataPts:[ [0,0], [0.5,0], [1,0], [1.5,0], [2,0], [2.5,0],  

[3,0], [3.5,0.10648038019908], [4,0.20887484479854], 

[4.5,0.33359881630993], [5,0.4135602325873], 

[5.5,0.45695157171215], [6,0.47865767660568], 

[6.5,0.46507181362593], [7,0.45214311142927], 

[7.5,0.4440080245511], [8,0.42757406880029], 

[8.5,0.40601579933238], [9,0.38373613841047], 

[9.5,0.35111763445213], [10,0.31927352963955], 

[10.5,0.28368791468879], [11,0.25357443834763], 

[11.5,0.22592508806427], [12,0.20060085071919], 

[12.5,0.17592515497458], [13,0.15501564250192], 

[13.5,0.13717729103925], [14,0.12234085599223], 

[14.5,0.10831390900476], [15,0.096041359221806], 

[15.5,0.085736908365491], [16,0.076459299016236], 

[16.5,0.068773685350578], [17,0.062509339569403], 

[17.5,0.056507288711163], [18,0.051721691478806], 

[18.5,0.047061803676368], [19,0.043044751771738], 

[19.5,0.039777237103708], [20,0.036867905121169] ];  

(%i3) /* Create a smooth function from the above data points for 

plotting these values as a curve by using the cubic spline 

function command in the 'interpol' extension to wxMaxima. */ 

/* Suppress confirmation printing of the cspline() function by 

using the $ suffix to end the commands rather than ; suffix. 

Example of the characteristic function generated by the 

cspline() function is shown in Appendix A.3.2. */ 
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cspline(DataPts)$  

Cspline(x):=''%$  

(%i5) /* Use calculated output from wxMaxima program for Appendix A.1.3 

 as input to this program to draw Betz' Limit in the plot. */ 

/* Suppress its printing by using $ for end_of_command line. */ 

'Cp_max(x):=16/27 $ 

(%i6) wxplot2d( [ [discrete,args(DataPts)], 'Cspline(x), Cp_max(x) ,  

  [discrete,[[6,0],[6,0.47865767660568]]],  

  [discrete,[[0,0.47865767660568], [6,0.47865767660568]]] ,  

  [discrete,[[12,0],[12,0.20060085071919]]],  

  [discrete,[[0,0.20060085071919],[12,0.20060085071919]]]], 

 [x,0,20], [y,0,1],  

 [style, [points,2.35], [lines,1.6] , [lines,1.3],  

 [lines,1.6], [lines,1.6], [lines,1.6], [lines,1.6] ],  

 [color, red, magenta , blue, green, green, red, red],  

 [point_type, lozenge],  

 [legend, "Actual WT-35 Cp's (Obtained from Power Curve)",  

   "Plot of Actual WT-35 Cp's",  

   "Cf Betz' Limit: Cp-max = (16÷27) = 0.593",  

   "Actual maximum Cp = 0.479 at 6 m/s",  

   "(most efficient energy extraction)",  

   " Cp @ Rated W.S. = 0.201 at 12 m/s ",  

   "(Cp @ Rated W.S. = less efficient!)" ], 

[gnuplot_preamble, "set key top right;  

  set title 'Variability of WT-35 Cp with Wind Speed'; "], 

[xlabel,"Wind Speed (m/s)"], [ylabel, "Cp"] ); 

%i8) print("")$  

EffRatio(x):=(Cspline(x))*2700/16$ 

Centpercent(x):=(Cp_max(x))*2700/16$ 

 wxplot2d( [ 'EffRatio(x),  

        [discrete,[[6,0],[6,80.773482927208]]],  

        [discrete,[[0,80.773482927208],[6,80.773482927208]]], 

        [discrete,[[12,0],[12,33.85139355886344]]],  

        [discrete,[[0,33.85139355886344],[12,33.85139355886344]]]], 

[x,0,20], [y,0,100],  

[style, [lines,1.4] , [lines,1.6], [lines,1.6],  

[lines,1.6], [lines,1.6] ], 

[color, magenta, green, green, red, red],  

[legend, "Actual Cp's as %age of Betz' Limit",  

         "Actual maximum Cp : Betz' Limit = 80.8% at 6 m/s",  

         "(most efficient energy extraction)",  

         "Cp drops to 34% @ Rated W.S. = 12 m/s",  

         "(Cp @ Rated W.S. = less efficient!)" ], 

[gnuplot_preamble, "set key top right;  

         set title 'Variability of WT-35 Cp with Wind Speed as  

%age of Betz Limit'; "],  

[xlabel,"Wind Speed (m/s)"], [ylabel, "Cp : Betz' Limit (%)"] ); 
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Appendix A·4: Logic Developed for Parsing  

Wind Direction Data into 

Compass Directions within 

Excel 

A·4.1 Example of Logic Used in an “Excel” Cell to Convert Numerical  

 Degrees into One of Sixteen Arc Segments and its Results 

The following two screen captures show the logic employed in parsing the degree 

information into one of sixteen binnable arc segments.  

The first screen shot, shown below in Figure A·4-1, converts the numerical datum in 

Cell R2 into one of the sixteen binned values according to Figure 3-5 and displays that value 

into Cell C2.  The actual content of Cell C2 is the logical equation shown on the top-right, 

cell-content display area of the worksheet.   

 
Figure A·4-1:  Logic Used in Excel to Convert Directional Degrees into One of Sixteen Compass Directions 

The Excel worksheet now converts the contents of the computed one of 1 – 16 

numerical values (normally displayed in Cell C2) as the datum input to Cell D2, using the logic 
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content of this cell; displayed again in the top-right, cell-content display area, as shown in 

Figure A·4-2 below.  The displayed output in Cell D2 is the corresponding compass direction 

for the given wind direction datum in Cell R2. 

 
Figure A·4-2:  Logic Used in Excel to Convert Numerical Compass Directions to Common Directional Descriptions 

After the logic was debugged and tested, it was copied for all the data rows so that 

the Column C of the worksheet could be used as input into Minitab for statistical analysis of 

the wind direction for the total time period covered by the particular Excel spreadsheet. 

The resulting parsed wind directions (Col. K) with its wind rose are shown in Figure A·4-3.  

 
Figure A·4-3:  Wind Rose from Analyzed Wind Direction Data 
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Appendix A·5: Typical WTG Electrical Grid 

Tie-in 

A·5.1 A Typical Simplified Electrical System for a Grid-Tied WTG 

The mechanical energy captured by the WTG is converted into electricity by its 

generator.  This is fed into the electrical mains circuit panel through inverters, that feed into 

individual Wattmeters for each of the WTGs.  A typical representative electrical system 

diagram for a grid connected WTG (without a DC battery-bank backup system) is shown 

below in Figure A·5-1.   

 

Figure A·5-1:  Typical Electrical Connection Diagram for Grid-Tied WTG without Battery or Generator Backup 
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The circuit diagram was developed for a two Ø, 240 VAC grid tie-in for a small (up to 

4.5 kW rated output WTG for a homestead or residential installation), with a tap for 

powering an accessory circuit for WTG control or added WTG monitoring instrumentation 

based on wire gauge sizes of 0000 AWG rated at up to 250 Amps when run through a 

conduit for the WTG generator nominal output at 24 VDC  (Kemp 2005 and Richter et al. 

2002). 

The length of low voltage cable from the WTG should be kept as low as possible to 

prevent substantial ohmic losses which can easily be 10 % of the power generated by the 

WTG.  Thus, minimizing the heavy-duty low voltage cable run often dictates siting of the 

WTG in close proximity (< 100 m (328')) to the powerhouse shed (cf. Figure A·6-3), where 

the inverters are usually located (and battery banks or back-up generators, that have 

suitable venting for the hydrogen gas that accumulates during charging of the batteries in 

their storage area, if employed) (“Applications for Pico Products – Measuring the 

Performance of a Wind Turbine” and Kemp 2005). 

It is important to note here, that suitable upgrades to cables, inverters, breakers, 

etc., must be made for higher ampacity, longer cable runs to compensate for such ohmic 

losses, harsher environmental exposures, etc., such that the electrical wiring and 

connections and powerhouse construction, etc., meet or exceed all applicable national and 

local codes.  These issues, based on design requirements must be addressed and 

professionally installed, inspected and certified to all applicable codes for safety, and 

correct operation with minimal losses. 
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Appendix A·6: Pictures from the WTG Site at 

WRLS 

A·6.1 View of the WTG Site During Re-install of the “Proven WT 35”  

 after Refurbishment and Upgrades as a “WT 35-2” WTG and  

 Other Miscellaneous Pictures. 

The picture in Figure A·6-1 shows the view from the South as one enters the 

Western Reserve Local School’s parking lot (directly adjacent to and west of the old 

school building (cf. Figure 3-2)).  The picture shows the first WTG being placed atop 

Tower 1 with an extsensible boom crane after it was refurbished and upgraded as a 

WT 35-2 from the WT 35 model by Proven Energy.  The WT 35/WT 35-2’s come with  

an integral 3.05 m (10’) high mounting base that is affixed to the 45.7 m (150') tall 

 

 

 

 

 

 

 

 

 

 

 
Figure A·6-1:  The Refurbished and Upgraded Proven WT 35-2 Being Installed Atop the (southern-most) Tower 1 on 

October 6
th

, 2010 
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towers, which makes the effective hub height to be 48.8 m (160') above its ground level 

foundation;  which, nota bene, puts the the WTGs several times the height of the 

adjacent closest structure:  the powerhouse shed.  (The top of the powerhouse shed can 

be seen just behind the parked, yellow school buses.)  The stands in the sports area with 

the athletic track and the two western-most floodlight poles are visible to the right in 

the picture.  The wind monitoring station with the anemometer and wind-vane are  

mounted at the very top of the furthest floodlight pole (2nd from the right) at a height of 

45.7 m (150').  These hub heights and the anemometer mounting height are several 

times the heights of the adjacent structures and other wind obstacles. From the 

research it was found that wind flow at these anemometer and hub heights is 

essentially free of ground level wind turbulence. 

 

    

 

 

The left picture (Figure 6-2a above), shows the pre-assembly of the hinges and 

blades on the re-furbished and upgraded WT 35/ WT 35-2 WTGs before being hoisted for 

assembly atop their respective towers.  The right picture (Figure 6-2b above), shows the 

Figures A·6-2a and A·6-2b:   
 New Hinges and Blades Being Attached to Details of the Hinge Mechanism for Furling (Right) 

          WT 35-2 Before Re-installation on    
         October 6

th
, 2010 (Left)    
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details around the hinge and its shock absorber assembly that controls the furling in high 

winds. 

The picture in Figure A·6-3 below show the electrical componentry inside the 

powerhouse shed.  (This is just barely visible its top showing behind the parked school buses 

in Figure A·6-1.) 

 

Figure A·6-3:  Partial View of the Electrical Conduits, Wattmeter, Inverters and Control Panel for the WTGs 
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