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Abstract : Among the different renewable energy sources, wind energy is currently making a significant contribution to power 

generation, and is emerging as a competitive option. Renewable energy is energy which comes from natural resources such as 

sunlight, wind, rain, tides, and geothermal heat, which are renewable (naturally replenished). About 16% of global final energy 

consumption comes from renewables. In this project, operational experience of site-specific data of different wind farms located at 

Muppandal region (Southern part of India) will be collect and interpret in detail. It is a fact that wind energy production shows a wide 

range of variation due to climatic and technical factors. The stoppage time of the Wind Turbine Generators (WTGs) reduced the real 

availability for approximately 20%. So it is essential to conduct a performance and reliability interpretation on the wind farms for 

further improvement. Here for this study we go for use Taguchi method of optimization to get an optimized output for our work.  This 

project is useful for the Wind Energy Industries for the sustainable development of wind energy in India. 

_________________________________________________________________________________________________________

Introduction 

Renewable energy 

Renewable energy is energy which comes from natural 

resources such as sunlight, wind, rain, tides, and geothermal 

heat, which are renewable (naturally replenished). About 16% 

of global final energy consumption comes from renewables, 

with 10% coming from traditional biomass, which is mainly 

used for heating, and 3.4% from hydroelectricity. New 

renewables (small hydro, modern biomass, wind, solar, 

geothermal, and biofuels) accounted for another 3% and are 

growing very rapidly.[1] In its various forms, it derives directly 

from the sun, or from heat generated deep within the earth. 

Included in the definition is electricity and heat generated from 

solar, wind, ocean, hydropower, biomass, geothermal 

resources, and biofuels and hydrogen derived from renewable 

resources. Renewable energy sources derive their energy from 

existing flow of energy, from on-going natural processes such 

as sunshine, wind, flowing water, biological processes and 

geothermal heat flows. A general definition for renewable 

energy sources is that  renewable energy is captured from an 

energy resource that is replaced rapidly by a natural processes 

such as power generated from the sun or from the wind. 

Currently the most promising (economically most feasible) 

alternative energy source includes wind power, solar power and 

hydroelectric power.  

Forms of renewable energy 

1.1.1 Wind power 

Airflows can be used to run wind turbines. Modern wind 

turbines range from around 600 kW to 5 MW of rated power, 

although turbines with rated output of 1.5–3 MW have become 

the most common for commercial use; the power output of a 

turbine is a function of the cube of the wind speed, so as wind 

speed increases, power output increases dramatically.[2] Areas 

where winds are stronger and more constant, such as offshore 

and high altitude sites are preferred locations for wind farms. 

Typical capacity factors are 20-40%, with values at the upper 

end of the range in particularly favorable sites.[3][4] 

Cumulative deployment of various RES 

The Cumulative deployment of various Renewable Energy 

Systems (RES) as on 31/01/21 [9]. 

Power from Renewables 

Grid – Interactive power 
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TABLE 1.1 Cumulative installed capacity of grid-

interactive RES 

 

TABLE 1.2 Cumulative installed capacity of off grid-

interactive RES 

 

The cumulative installed capacity of grid-interactive renewable 

energy systems for power generation (Capacities in MW ) is 

given in the table 1.1. The cumulative installed capacity of 

grid-interactive renewable energy systems for power generation  

in India was 23129.4 MW until 31.01.2012 of which 

contributions of wind, small hydro, biomass including agri-

residues, bagasse cogeneration, solar were and waste to power 

are 16179.00 MW, 3300.13MW,1142.60, 1952.53,481.48 and 

73.66 respectively. It is found that the major contribution of 

about 70% of the total RES for power generation. 

Off – Grid interactive power  

The cumulative installed capacity of off grid-interactive 

renewable energy systems for power generation (Capacities in 

MW) is given in the table 1.2. The total cumulative installed 

capacity of off grid-interactive renewable energy systems for 

power generation upto 31.01.2012 is 671.50 MW 

Remote village electrification 

TABLE 1.3 Number of remote villages/ Hamlets provided 

with RES 

 

Other Renewable Energy Systems 

The cumulative achievements of other renewable energy 

systems like family biogas plants, and solar water heating are 

shown in the table 1.4. The cumulative achievement of family 

biogas plants were 44.75 lakhs upto 31.01. 2012 and that of 

solar water heater is 4.98 MW.  

TABLE 1.4Cumulative achievements of other RES 

 

Source: MNRE 

The number of remote villages/ Hamlets provided with 

Renewable Energy systems in India is showen in the table 1.3. 

From the table it is found that the number of villages/ Hamlets 

provided with Renewable Energy systems in India as on 31.01 

2012 is 9009.00. 

Literature Survey 
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A literature survey was conducted to review the performance 

and failures with respect to the Wind turbine generators in 

different parts of the world. T. Ackerman and L. Soder[15] 

compared torque coefficients and corresponding power 

coefficients against tip speed ratio of wind turbine. The torque 

coefficient showed a nearly linear decrease as the tip speed 

ratio increases. R. T. Griffiths[17] analyzed the performance of 

a typical wind turbine to give maximum power coefficient at a 

tip speed ratio of 5 over a range of speed ratios and pitch angles 

using blade element theory. Lissaman, P. B. S[16] calculated 

the wind farm efficiency for a specific wind speed. The ratio of 

the entire power generated by the real farm to the one 

corresponding to all wind turbines operating in the absence of 

wake effects is the wind farm efficiency. The wind farm 

efficiency is a function of the turbine type employed, the wind 

farm configuration and wind speed. Estimation of overall 

efficiency of a wind farm is of crucial importance to a wind 

farm design procedure. A. K. Wright and D. H. Wood[18] 

presented the starting and low wind speed behavior of a small 

horizontal axis wind turbine (HAWT). A small, three – bladed, 

horizontal axis wind turbine can start at a wind speed of about 

4.6 m/s on average. Vertical axis wind turbines (VAWT) of 

Savonius type can start at lower wind speeds, down to about 2 

m/s, but they have a poor efficiency, the power coefficient, Cp, 

being less than 0.25. Yoshida, S.[19] compared the 

performance of downwind – turbines with upwind – turbines in 

complex terrain. The result shown the 2 MW downwind – 

turbines were produced 7.6% more annual energy than upwind 

– turbines with same dimensions. Baku M. Nagai et al.[33] 

described the performance of a 3 kW wind turbine generator 

(WTG) with variable pitch control system. The wind turbine 

showed a power coefficient of 0.257 under the average wind 

speed of 7.3 m/s. Chen, P. et al.[14] predicted performance 

analysis of wind turbine airfoil for large wind turbine by 

interactive viscous–inviscid approach and computational fluid 

dynamics (CFD) method with different turbulence models. 

Wind tunnel test was conducted to validate predicted results 

and investigated leading edge roughness effect on airfoil 

performance and found leading edge roughness degrades airfoil 

performance. N. Boccard[35] estimated the mean capacity 

factor of wind power plants ranged from 30% to 45% between 

1998 and 2008 in European countries. K. K. Sasi and S. 

Basu[36] studied capacity factor and selection of size of wind 

electric generators based on Indian sites. They concluded that 

for every wind regime there exists an optimum value of the 

rated wind speed of the WEG to be installed at the site that 

maximizes the WEG output on an annual basis. The annual 

levelized cost of energy for WEG operation at a site varies with 

the wind speed rating of the machine and the least cost occurs 

when the machine is rated at a wind speed which may be less 

than or equal to optimum rated speed of a WEG depending on 

the site characteristics and the machine cost. S. H. Jangamshetti 

and V. G. Rau[13] explained normalized power curves as a tool 

for identification of optimum wind turbine generator 

parameters and reported overall efficiency of 35%. The WTG 

parameters were determined at the maximum value of the 

product of normalized average output power and capacity 

factor. R. Billinton and G. Bai[12] estimated capacity factor of 

WTG and measured WTG power curves using an accurate 

generic model. Lindley, D and Gamble, C [11] analyzed the 

construction nand operational performance of a 5 MW wind 

farm installed at a site near Ilfracombe in Devon in U.K. This 

wind farm had generated over 10 million kilowatt hours with 

an availability of 95% and a capacity factor of 31% with nine 

months of it operation. S. Iniyan et al[10] evaluated the 

performance of wind turbine generators for the largest 

demonstration wind farm (10 MW) in Asia and calculated the 

technical availability, real availability, capacity factor and 

maximum down time of the wind turbine generators and 

identified 30 fault conditions and analyzed by pareto diagram. 

S. Iniyan et al carried out a critical analysis on wind farms to 

improve the performance and reliability of 6 MW 

demonstration wind farm. They determined the average 

technical availability, real availability and capacity factor were 

92%, 54% and 19% respectively. The failure rate was high to 

an extend of 6.7 × 10-5 h-1 in the case of a yaw control defect 

and the factor of reliability was found to be 0.5 at 10000 h. The 

analysis revealed that when the reliability factor of wind energy 

system was improved from 0.5 to 0.9 then the utilization of 

wind energy increased by 82%. K. K. Sasi and SujayBasu  

analyzed performance of wind farm in India and suggested 

steps to be adopted by the government agencies in order to 

ensure the desired growth of the wind industry in the country 

and also presented wind farm development policy in India. 
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Wind turbine technology 

Wind energy 

Wind is the natural movement of air across the land or sea. 

Wind is caused by uneven heating and cooling of the earth's 

surface and by the earth's rotation. Land and water areas absorb 

and release different amount of heat received from the sun. As 

warm air rises, cooler air rushes in to take its place, causing 

local winds. Wind energy is in fact an indirect form of solar 

energy. Winds are generated due to heating of air by solar 

radiation during the day at variable rates in different parts of 

hemisphere and rotation of Earth. Heated air rises up and cooler 

air replaces it resulting in wind. Wind movement on Earth’s 

surface is influenced by terrain, water reserves, forest, 

vegetation and habitat developments. The rotation of the earth 

changes the direction of the flow of air. Wind is a form of solar 

energy. Winds are caused by the uneven heating of the 

atmosphere by the sun, the irregularities of the earth's surface, 

and rotation of the earth. Wind flow patterns are modified by 

the earth's terrain, bodies of water, and vegetative cover. This 

wind flow, or motion energy, when "harvested" by modern 

wind turbines, can be used to generate electricity. Wind 

presents a vast source of renewable energy. For many centuries 

wind mill have used wind flow or motion energy of wind for 

grain grinding, water pumping and is still used for many other 

purposes.Wind or air in motion contains the “kinetic energy” 

which is converted into mechanical power by means of a wind 

turbine. The wind turbine is connected to a generator for 

producing electricity.   

POWER IN THE WIND 

Kinetic energy of the flowing across a wind turbine is used to 

derive electrical energy from wind. The power (P) contained in 

a flowing wind depends on its velocity (V) and the density of 

air (). It is given by the formula below :- 

P= 
1

2
𝑉3A in Watts 

Where, A = swept area (area covered by its rotating blade) in 

𝑚2. 

 = Density of the air in kg/𝑚3. 

  V = Velocity of the air flow in m/s. 

Power depends on the cube of the wind speed. If wind speed 

increases by a factor of two, the power output would increase 

by a factor of eight. Also, power is proportional to the area. 

Thus, a large wind turbine will convert more power from the 

wind. Wind power also depends on the density of the air, which 

varies under different conditions. Under standard temperature 

(25 deg C) and pressure (760 mm of Hg), the air density is 

considered as 1.22 kg/𝑚3. Considering the density of the air, a 

simple formula for the power can be written as :- 

P= 0.6 𝑉3A in Watts 

POWER EXTRACTED FROM THE WIND 

The above equation gives amount of kinetic energy present in 

the wind in a particular area. Although all the kinetic is not 

converted into useful power. Therefore there is an equation to 

find how much energy the machine extracted from the wind. 

The simple formula is given below :- 

P=Cp
1

2
𝑉3A in Watts 

Where Cp= Coefficient of performance 

The Cp value varies and depends upon the physical condition, 

type of blade used and its tip speed ratio. The value of Cp is 

59% which is known as Betz limit.   

WIND SPEED V/S HEIGHT 

At a given location, the wind speed increases as we go above 

the earth surface. At the surface, the wind speed is zero due to 

the friction of air with the surface. As we go up, wind speed 

increases more rapidly at lower heights but less rapidly at 

greater heights (see Figure 3.1). At about 2000 meters from the 

ground the change is the wind speed becomes zero. A typical 

variation in the wind speed is shown in the graph. The vertical 

variation in the wind speed depends on the roughness of the 

terrain and wind speed near the ground. The terrain roughness 

factor is represented by a constant, . This constant can have 

value between 0.01 and 0.3. For water areas, like sea,  has a 

value of about 0.01, for farm lands with trees  has a value of 

0.12, for villages and town   is about 0.28. 

 

 

 

 

 

 

 

 

Figure1:  A typical vertical variation in wind speed 
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If wind speed for a given location and at a given height is 

known, the wind speed (V) at any other height at the same 

location can be estimated using following formula 

V (at unknown height) = V ( at known height) 
New Height

Reference Height


 

Where new height is the height at which at which wind speed 

needs to be estimated and reference height is the height at 

which wind speed is known. The  is roughness constant as 

described in the above paragraph. 

WORKING PRINCIPLE OF WTG 

Wind turbines simply convert some of the kinetic energy of the 

wind (or speed of air at atmospheric pressure), from the air to 

rotor blade rotation, which rotates a shaft connected to a 

generator, which in turn converts the rotational energy to 

electrical energy.[21] 

The three basic parts of wind turbines are :- 

1. The rotor blades which convert wind energy into rotational 

energy in form of angular momentum. 

2. The Shaft which transfers this rotational energy to 

Generator. 

3. The Generator, which converts the rotational energy into 

electrical energy by means of electromagnetic induction. 

COMPONENTS OF WTGs 

The main components of WTGs are 

1. Tower 

2. Nacelle 

3. Rotor 

4. Gearbox 

5. Generator                                                 

6. Braking System 

7. Yaw System 

8. Controller 

9. Anemometer 

 

 

 

 

 

 

 

 

Figure 2: Components of WTG 

Tower  

Towers are made from tubular steel (shown here) or steel 

lattice. Because wind speed increases with height, taller towers 

enable turbines to capture more energy and generate more 

electricity. 

Nacelle 

The rotor attaches to the nacelle, which sits atop the tower and 

includes the gear box, low- and high-speed shafts, generator, 

controller, and brake. A cover protects the components inside 

the nacelle. Some nacelles are large enough for a technician to 

stand inside while working. 

Rotor 

The blades and the hub together are called the rotor. 

Gearbox 

Gears connect the low-speed shaft to the high-speed shaft and 

increase the rotational speeds from about 30 to 60 rotations per 

minute (rpm) to about 1200 to 1500 rpm, the rotational speed 

required by most generators to produce electricity. The gear 

box is a costly (and heavy) part of the wind turbine and 

engineers are exploring "direct-drive" generators that operate at 

lower rotational speeds and don't need gear boxes. 

Generator  

Usually an off-the-self-induction generator that produces 60-

cycle AC electricity.                                          

Braking System 

A disc brake which can be applied mechanically, electrically, 

or hydraulically to stop the rotor in emergencies. 

Yaw System 

Upwind turbines face into the wind; the yaw drive is used to 

keep the rotor facing into the wind as the wind direction 

changes. Downwind turbines don't require a yaw drive, the 

wind blows the rotor downwind. 

Controller 

The controller starts up the machine at wind speeds of about 8 

to 16 miles per hour (mph) and shuts off the machine at about 

65 mph. Turbines cannot operate at wind speeds above about 

65 mph because their generators could overheat. 

Anemometer 

Measures the wind speed and transmits wind speed data to the 

controller. 

 

TYPES OF WTGs 
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There are two types. They are :- 

Horizontal Axis wind turbine(HAWT) 

Vertical Axis wind turbine(VAWT) 

Horizontal Axis wind Turbine 

HAWT have main rotor shaft and electrical generator at the top 

of the tower. They should be pointed towards the wind. Gear 

box turns slow rotation of blades into quicker rotation that is 

suitable to drive an electric generator. 

Advantages of HAWT 

1. Blades are to the side of the turbine’s center of gravity, 

helping stability. 

2. The ability to pitch the rotor blade in storm so that damage 

is minimized. 

3. Tall tower allows access to stronger wind in sites with 

wind shear and placement on uneven land.[20] 

Vertical Axis wind turbine 

In VAWT main rotor shaft is arranged vertically. Generator 

and gear box can be placed 

near the ground using a direct drive from the rotor assembly to 

the ground based gear box. 

Advantages of VAWT 

1. No yaw mechanism is needed 

2. VAWT have lower wind start up speeds than HAWT 

3. VAWT can be built at locations where taller structures are 

prohibited.[21] 

 

 

 

 

 

 

 

 

 

 

FIGURE 3:  Differences between HAWT and VAWT 

METHODOLOGY 

TAGUCHI METHOD 

Every experimenter has to plan and conduct experiments to 

obtain enough and relevant data so that he can infer the science 

behind the observed phenomenon. He can do so by, 

trial-and-error approach : 

It performs a series of experiments each of which gives some 

understanding. This requires making measurements after every 

experiment so that analysis of observed data will allow him to 

decide what to do next - "Which parameters should be varied 

and by how much". Many a times such series does not progress 

much as negative results may discourage or will not allow a 

selection of parameters which ought to be changed in the next 

experiment. Therefore, such experimentation usually ends well 

before the number of experiments reach a double digit! The 

data is insufficient to draw any significant conclusions and the 

main problem (of understanding the science) still remains 

unsolved. 

Design of experiments : 

A well planned set of experiments, in which all parameters of 

interest are varied over a specified range, is a much better 

approach to obtain systematic data. Mathematically speaking, 

such a complete set of experiments ought to give desired 

results. Usually the number of experiments and resources 

(materials and time) required are prohibitively large. Often the 

experimenter decides to perform a subset of the complete set of 

experiments to save on time and money! However, it does not 

easily lend itself to understanding of science behind the 

phenomenon. The analysis is not very easy (though it may be 

easy for the mathematician/statistician) and thus effects of 

various parameters on the observed data are not readily 

apparent. In many cases, particularly those in which some 

optimization is required, the method does not point to the 

BEST settings of parameters. A classic example illustrating the 

drawback of design of experiments is found in the planning of a 

world cup event, say football. While all matches are well 

arranged with respect to the different teams and different 

venues on different dates and yet the planning does not care 

about the result of any match (win or lose). Obviously, such a 

strategy is not desirable for conducting scientific experiments 

(except for co-ordinating various institutions, committees, 

people, equipment, materials etc.). 

TAGUCHI Method : 

Dr. Taguchi of Nippon Telephones and Telegraph Company, 

Japan has developed a method based on “ORTHOGONAL 

ARRAY” experiments, which gives much-reduced “variance” 

for the experiment with "optimum settings" of control 
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parameters. Thus, the marriage of Design of Experiments with 

optimization of control parameters to obtain BEST results is 

achieved in the Taguchi Method. "Orthogonal Arrays" (OA) 

provide a set of well balanced (minimum) experiments and Dr. 

Taguchi's Signal-to-Noise ratios (S/N), which are log functions 

of desired output, serve as objective functions for optimization, 

help in data analysis and prediction of optimum results. 

Taguchi Method treats optimization problems in two 

categories, 

STATIC PROBLEMS  : 

Generally, a process to be optimized has several control factors 

which directly decide the target or desired value of the output. 

The optimization then involves determining the best control 

factor levels so that the output is at the the target value. Such a 

problem is  called as a "STATIC PROBLEM". This is best 

explained using a P-Diagram which is shown below ("P" stands 

for Process or Product). Noise is shown to be present in the 

process but should have no effect on the output! This is the 

primary aim of the Taguchi experiments - to minimize 

variations in output even though noise is present in the process. 

The process is then said to have become ROBUST. 

 

 

 

 

 

 

 

 

 

DYNAMIC PROBLEMS : 

If the product to be optimized has a signal input that directly 

decides the output, the optimization involves determining the 

best control factor levels so that the "input signal / output" ratio 

is closest to the desired relationship. Such a problem is called 

as a "DYNAMIC PROBLEM". This is best explained by a P-

Diagram which is shown below. Again, the primary aim of the 

Taguchi experiments - to minimize variations in output even 

though noise is present in the process- is achieved by getting 

improved linearity in the input/output relationship. 

 

 

 

 

 

 

 

 

 

 

 

 

STEPS  IN  TAGUCHI  METHODOLOGY  

Taguchi method is a scientifically disciplined mechanism for 

evaluating and implementing improvements in products, 

processes, materials, equipment, and facilities. These 

improvements are aimed at improving the desired 

characteristics and simultaneously reducing the number of 

defects by studying the key variables controlling the process 

and optimizing the procedures or design to yield the best 

results.The method is applicable over a wide range of 

engineering fields that include processes that manufacture raw 

materials, sub systems, products for professional and consumer 

markets. In fact, the method can be applied to any process be it 

engineering fabrication, computer-aided-design, banking and 

service sectors etc. Taguchi method is useful for 'tuning' a 

given process for 'best' results.Taguchi proposed a standard 8-

step procedure for applying his method for optimizing any 

process, 

STEPS  IN  TAGUCHI  METHODOLOGY: 

Step-1: Identify  The  Main  Function, Side  Effects,  And  

Failure  Mode 

Step-2: Identify  The  Noise  Factors, Testing  Conditions,  And  

Quality  Characteristics 

Step-3: Identify  The  Objective  Function  To  Be  Optimized 

Step-4: Identify  The  Control  Factors  And  Their  Levels 

Step-5: Select  The  Orthogonal  Array  Matrix  Experiment 

Step-6: Conduct  The  Matrix  Experiment 

Step-7: Analyze  The  Data, Predict  The  Optimum  Levels  

And  Performance 

Step-8: Perform  The  Verification  Experiment And  Plan  The  

Future  Action 
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Fig 6: Data Flow Diagram 

Conclusion 

In this project, operational experience of site-specific data of 

different wind farms located at Muppandal region (Southern 

part of India) will be collect and interpret in detail. It is a fact 

that wind energy production shows a wide range of variation 

due to climatic and technical factors. The stoppage time of the 

Wind Turbine Generators, (WTGs) reduced the real availability 

for approximately 20%. Therefore, it is essential to conduct a 

performance and reliability interpretation on the wind farms for 

further improvement. Here for this study we go for use Taguchi 

method of optimization to get an optimized output for our 

work.  This project is useful for the Wind Energy Industries for 

the sustainable development of wind energy in India. 

Future Scope 

Wind energy is available nationwide. The Wind Vision 

Report shows that wind can be a viable source of renewable 

electricity in all 50 states by 2050. 

Wind energy supports a strong domestic supply chain. Wind 

has the potential to support over 600,000 jobs in 

manufacturing, installation, maintenance, and supporting 

services by 2050. 

Wind energy is affordable. As wind generation agreements 

typically provide 20-year fixed pricing, the electric utility 

sector is anticipated to be less sensitive to volatility in natural 

gas and coal fuel prices with more wind. By reducing national 

vulnerability to price spikes and supply disruptions with long-

term pricing, wind is anticipated to save consumers $280 

billion by 2050. Wind energy reduces air pollution 

emissions. Operating wind energy capacity avoided the 

emission of over 250,000 metric tons of air pollutants, which 

include sulfur dioxide, nitric oxide, nitrogen dioxide, and 

particulate matter, in 2013. By 2050, wind energy could avoid 

the emission of 12.3 gigatonnes of greenhouse gases. Wind 

energy preserves water resources. By 2050, wind energy can 

save 260 billion gallons of water—the equivalent to roughly 

400,000 Olympic-size swimming pools—that would have been 

used by the electric power sector. Wind energy deployment 

increases community revenues. Local communities will be able 

to collect additional tax revenue from land lease payments and 

property taxes, reaching $3.2 billion annually by 2050. 
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