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ABSTRACT 
 

The utility scale of wind turbines has increased from a few kilowatts to a few megawatts 

in the past four decades. One of the primary objectives of energy projects is to maximize 

their production at a minimum cost over a long operational life. In the current energy 

market, the wind energy industry directly competes with non-renewable sources such as 

natural gas and coal. To gain a sustainable competitive advantage, it is essential for the 

wind projects to maximize their equipment reliability while minimizing the total 

operating expenses.  

 

Typically, wind energy projects and the turbines are designed to operate for 20 years. 

However, components such as gearboxes, blades and generators start failing early in their 

operational life. One of the primary reason for this premature failure is the unpredictable 

nature of the incoming wind and the corresponding component loads. This research 

utilizes a hub-mounted conically scanning continuous wave Lidar integrated within the 

measurement and control system of the turbine to proactively pitch the turbine blades. A 

representative 5MW turbine is used to analyze the impact of an anticipatory turbine 

control strategy on the component fatigue life. Furthermore, three blade pitch controllers 

are modeled and simulated using NREL FAST for evaluating their operational 

effectiveness in reducing the structural loads. Through this analysis, it is observed that a 

proactive blade pitch controller significantly reduces the blade root fatigue damage in 

addition to reducing the pitch actuator loads. However, this reduction of component loads 

comes at a cost of lost energy production.  

 

Wind energy projects are capital intensive and adding a Lidar per turbine increases the 

total cost considerably. Thus, for understanding the overall effectiveness of such an 

approach, it is crucial to evaluate the financial impacts using a Lidar-based controller in 

addition to technical impacts. For this research, a comprehensive economic analysis tool 

is modeled to configure, compare, analyze, and evaluate the financial feasibility of wind 

projects. The investment attractiveness of a baseline reactively controlled project is 

compared to that of two Lidar-based projects. In the first case, the reduction of 
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component fatigue damage from a Lidar-based control is used to increase the operational 

life of the project. Whereas, in the second case, the rotor diameter of the turbine mounted 

with a Lidar is increased proportionally to the reduced loads while keeping the 

operational life constant at 20 years.  

 

For the boundary conditions and assumptions in this research, it is observed that a Lidar-

based controller offers the potential to increase the investorôs returns and its benefits 

could outweigh the increased capital costs. It is seen that for a wind farm with lower 

annual average wind speeds, it would be more profitable to utilize the Lidar-based 

controller to increase the rotor diameter; whereas for wind sites with higher annual 

average wind speeds a longer operational life resulting from Lidar-based control would 

offer higher financial benefits. Thus, this research demonstrates a process to model, 

analyze and compare wind energy projects both from a technical and economic 

standpoint. 

 

  



Texas Tech University, Rachit R. Mathur, December 2014 

 ix 

LIST OF TABLES  

 

TABLE 1 - SIMULATION PARAMETERS AND BOUNDARY CONDITIONS ............................................................................ 57 

TABLE 2 - COLOR CODING FOR FIGURES 17 AND 18 ........................................................................................................... 76 

TABLE 3 - CHANGE IN THE OUT OF PLANE BENDING MOMENT (KN-M) STATISTICS FOR VARIOUS CONTROLLERS

 .................................................................................................................................................................................................. 77 

TABLE 4 ï PERCENTAGE CHANGE IN BLADE ROOT DELS FOR VARIOUS PITCH CONTROL STRATEGIES .............. 78 

TABLE 5 - CHANGE IN THE PITCHING MOMENT (KN-M) STATISTICS FOR VARIOUS CONTROLLERS ...................... 78 

TABLE 6 - CHANGE IN PITCH ACTIVITY FOR VARIOUS PITCH CONTROLLERS ............................................................... 81 

TABLE 7 - PERCENTAGE CHANGE IN ANNUAL ENERGY PRODUCTION (AEP) FOR VARIOUS PITCH 

CONTROLLERS ..................................................................................................................................................................... 83 

TABLE 8 - HYPOTHETICAL EXAMPLE OF A PRO FORMA CASH FLOW STATEMENT ...................................................... 95 

TABLE 9 ï TABULAR REPRESENTATION OF ECONOMIC ANALYSIS MODEL INFORMATION FLOW........................... 99 

TABLE 10 - SIMULA TION PARAMETERS AND BOUNDARY CONDITIONS ...................................................................... 103 

TABLE 11 - ECONOMIC ANALYSIS RESULTS FOR A BASE CASE BREAKEVEN COE OF $62.9 PER MWH (150K 

LIDAR) ................................................................................................................................................................................. 108 

TABLE 12 ï TURBINE RESPONSE STATISTICS FOR OUT OF PLANE BENDING MOMENTS (KN-M) FOR CPC ....... 144 

TABLE 13 - TURBINE RESPONSE STATISTICS FOR OUT OF PLANE BENDING MOMENTS (KN-M) FOR IPC ......... 144 

TABLE 14 - TURBINE RESPONSE STATISTICS FOR OUT OF PLANE BENDING MOMENTS (KN-M) FOR LIPC ...... 144 

TABLE 15 ï CHANGE IN THE OUT OF PLANE BENDING MOMENTS (KN-M) FOR IPC RELATIVE TO CPC ........... 145 

TABLE 16 - CHANGE IN THE OUT OF PLANE BENDING MOMENTS (KN-M) FOR LIPC RELATIVE TO CPC ......... 145 

TABLE 17 - CHANGE IN THE OUT OF PLANE BENDING MOMENTS (KN-M) FOR LIPC RELATIVE TO IPC .......... 145 

TABLE 18 - TURBINE RESPONSE STATISTICS FOR PITCHING MOMENTS (KN-M) FOR CPC .................................... 146 

TABLE 19 - TURBINE RESPONSE STATISTICS FOR PITCHING MOMENTS (KN-M) FOR IPC ..................................... 146 

TABLE 20 - TURBINE RESPONSE STATISTICS FOR PITCHING MOMENTS (KN-M) FOR LIPC .................................. 146 

TABLE 21 - CHANGE IN THE PITCHING MOMENTS (KN-M) FOR IPC RELATIVE TO CPC ........................................ 147 

TABLE 22 - CHANGE IN THE PITCHING MOMENTS (KN-M) FOR LIPC RELATIVE TO CPC ..................................... 147 

TABLE 23 - CHANGE IN THE PITCHING MOMENTS (KN-M) FOR LIPC RELATIVE TO IPC ...................................... 147 

TABLE 24 - TURBINE RESPONSE STATISTICS FOR PITCH ACTIVITY FOR CPC ............................................................ 148 



Texas Tech University, Rachit R. Mathur, December 2014 

 x 

TABLE 25 - TURBINE RESPONSE STATISTICS FOR PITCH ACTIVITY FOR IPC ............................................................. 148 

TABLE 26 - TURBINE RESPONSE STATISTICS FOR PITCH ACTIVITY FOR LIPC .......................................................... 148 

  



Texas Tech University, Rachit R. Mathur, December 2014 

 xi 

LIST OF FIGURES 

 

FIGURE 1 - INDUSTRY LIFE CYCLE ............................................................................................................................................... 2 

FIGURE 2 - CONVENTIONAL THREE-BLADED WIND TURBINE ............................................................................................. 4 

FIGURE 3 - CONVENTIONAL THREE-BLADED TURBINE WITH A HUB-MOUNTED L IDAR .............................................. 5 

FIGURE 4 ï VERTICAL WIND SPEED SHEAR ACROSS THE ROTOR PLANE OF A SAMPLE TURBINE............................ 10 

FIGURE 5 ï GRAVITATIONAL LOADS ON THE ROTOR........................................................................................................... 11 

FIGURE 6 - EXPERIMENTAL SET-UP FOR MOUZAKIS ET AL. (1999) ................................................................................ 11 

FIGURE 7 - WIND TURBINES OPERATING IN A WAKE (HASAGER ET AL, 2013) ............................................................ 12 

FIGURE 8 - WIND TURBINE POWER CURVE (COURTESY: DR. JAMIE CHAPMAN) ........................................................ 14 

FIGURE 9 ï COMPARISON OF LOAD SPECTRA FOR VARIOUS CONTROLLER (BOSSANYI, 2003) .............................. 17 

FIGURE 10 - REDUCTION OF FATIGUE LOADS FOR VARIOUS CONTROLLERS (BOSSANYI, 2003) ............................ 18 

FIGURE 11 - LIDAR MEASUREMENT SYSTEM (HARRIS ET AL., 2006) ............................................................................. 20 

FIGURE 12 - COEFFICIENT OF POWER (#0) - TSR CURVE (COURTESY: DR. JAMIE CHAPMAN) ............................. 21 

FIGURE 13 - ILLUSTRATION OF A SAMPLE NACELLE-MOUNTED LOOK AHEAD L IDAR (ANGELOU ET AL., 2010)

 .................................................................................................................................................................................................. 22 

FIGURE 14 ï HUB-MOUNTED SPINNING LOOK-AHEAD LIDAR (M IKKELSEN ET AL., 2013) ..................................... 23 

FIGURE 15 - CONICAL SCANNING PATTERN OF A HUB-MOUNTED SPINNING LIDAR (HARRIS ET AL., 2006) ...... 23 

FIGURE 16 ï SAMPLE HORIZONTAL WIND SPEED MEASUREMENTS FROM A SPINNER LIDAR (ANGELOU ET AL., 

2011) ...................................................................................................................................................................................... 23 

FIGURE 17 ï SAMPLE LIDAR MEASUREMENTS FROM A GALION SCANNING PULSED L IDAR (BRIGGS ET AL., 

2011) ...................................................................................................................................................................................... 24 

FIGURE 18 - WIND INFLOW STRUCTURE .................................................................................................................................. 25 

FIGURE 19 - WIND INFLOW STRUCTURE: TURBULENCE ..................................................................................................... 25 

FIGURE 20 ï EXPERIMENTAL SET-UP FOR L IDAR WIND SPEED MEASUREMENT (MIKKELSEN ET AL., 2010) ..... 26 

FIGURE 21 - VARIATION OF WIND SPEEDS FOR VARIOUS LIDAR MEASUREMENT METHODS (LAKS ET AL., 2010)

 .................................................................................................................................................................................................. 29 

FIGURE 22 - LOOK-AHEAD WIND SPEED MEASUREMENTS USING A PULSED LIDAR (SCHLIPF ET AL., 2010) ..... 30 

FIGURE 23 - SIMPLIFIED WIND DISTURBANCE MODEL AND THE MODES CONSIDERED (SCHLIPF ET AL., 2010) 31 



Texas Tech University, Rachit R. Mathur, December 2014 

 xii  

FIGURE 24 ï COMPARISON OF PSDôS FOR THE THREE CONTROLLERS (SCHLIPF ET AL., 2010) ............................. 32 

FIGURE 25 ï ERRORS IN LIDAR WIND MEASUREMENT (SIMLEY ET AL ., 2011) ........................................................... 34 

FIGURE 26 ï LIDAR WIND MEASUREMENT AT AN ANGLE (SIMLEY ET AL ., 2011) ...................................................... 34 

FIGURE 27 ï HORIZONTAL WIND SPEED (M/S) VARIATION IN A WIND FARM (HIRTH ET AL., 2014) ..................... 35 

FIGURE 28 ï U.S. WIND POWER CAPACITY (WISER ET AL., 2014) .................................................................................. 38 

FIGURE 29 ï AVERAGE WIND ENERGY COST OF ENERGY VS. ELECTRICITY PRICES IN THE U.S. (WISER ET AL., 

2014) ...................................................................................................................................................................................... 39 

FIGURE 30 - DISTRIBUTION OF THE INSTALLED CAPITAL COST FOR ON-SHORE WIND PROJECT (TEGEN ET AL., 

2010) ...................................................................................................................................................................................... 40 

FIGURE 31 - TURBINE CAPITAL COST TREND IN THE U.S. (WISER ET AL., 2014) ....................................................... 41 

FIGURE 32 - INSTALLED CAPITAL COST TREND IN THE U.S. (WISER ET AL., 2014) ................................................... 41 

FIGURE 33 ï ANNUAL OPERATIONS AND MAINTENANCE EXPENSES TREND IN THE U.S. (WISER ET AL., 2014)

 .................................................................................................................................................................................................. 43 

FIGURE 34 - TYPICAL CAPITAL STRUCTURE OF A WIND ENERGY PROJECT (COURTESY DR. BRUCE BAILEY , 

AWS TRUEPOWER) ............................................................................................................................................................ 45 

FIGURE 35 - CONVENTIONAL WIND FARM .............................................................................................................................. 52 

FIGURE 36 - CONVENTIONAL WIND FARM WIND A COUPLE OF STRATEGICALLY PLACED RADARS...................... 53 

FIGURE 37 - RESEARCH METHODOLOGY ................................................................................................................................. 54 

FIGURE 38 - STANDARD IEC TURBULENCE CATEGORIES (KELLEY ET AL., 2005) ..................................................... 56 

FIGURE 39 ï WIND TURBINE LIFE CYCLE ................................................................................................................................ 58 

FIGURE 40 - MODULES USED FOR TURBINE RESPONSE SIMULATION .............................................................................. 61 

FIGURE 41 - VARIATION OF BLADE PITCH ANGLE WITH THE MEAN WIND SPEED TO MAINTAIN RATED POWER IN 

REGION III  OF THE POWER CURVE (JONKMAN ET AL., 2009)................................................................................. 61 

FIGURE 42 - BASELINE TURBINE CONTROL LOGIC (JONKMAN ET AL., 2009) .............................................................. 62 

FIGURE 43 ï GENERALIZED CONTROL LOOP OF A FEED-FORWARD CONTROLLER ADDED TO A FEEDBACK 

CONTROLLER (DUNNE ET AL., 2012) ............................................................................................................................ 64 

FIGURE 44 ï FULL-FIELD WIND DATA GENERATED USING TURBSIM AROUND THE ROTOR .................................... 65 

FIGURE 45 ï COHERENCE BETWEEN THE SIMULATED AND PERFECT LIDAR MEASUREMENTS (SCHLIPF ET AL., 

2010) ...................................................................................................................................................................................... 66 

FIGURE 46 ï REQUIRED PREVIEW TIMES FOR ANTICIPATORY BLADE PITCH CONTROL (DUNNE AT AL., 2012) 68 



Texas Tech University, Rachit R. Mathur, December 2014 

 xiii  

FIGURE 47 ï A SAMPLE S (LOAD) - N (CYCLE TO FAILURE) CURVE (SCHIJVE, 2001) .............................................. 71 

FIGURE 48 ï VARIATION OF FLAPWISE BENDING MOMENTS WITH WIND SPEEDS (BURTON ET AL., 2001) ........ 73 

FIGURE 49 ï VARIATION OF BLADE ROOT LOADS WITH WIND CONDITIONS FOR THE COLLECTIVELY PITCHED 

TURBINE ................................................................................................................................................................................. 76 

FIGURE 50 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 12% TURBULENCE INTENSITY .......... 77 

FIGURE 51 ï COMPARISON OF BLADE ROOT LOADS AND PITCH ACTIVITY FOR THE THREE CONTROLLERS ....... 80 

FIGURE 52 ï CHANGE IN PEAK PITCH RATES FOR VARIOUS CONTROLLERS ................................................................. 81 

FIGURE 53 ï CHANGE IN PEAK PITCH ACCELERATIONS FOR VARIOUS CONTROLLERS .............................................. 82 

FIGURE 54 - VARIOUS FACTORS AFFECTING OF COST OF WIND ENERGY (KROHN ET AL., 2009) .......................... 86 

FIGURE 55 ï STEPS TO EVALUATE THE FINANCIAL FEASIBILIT Y OF A WIND PROJECT .............................................. 87 

FIGURE 56 - COST MODEL USED FOR THIS RESEARCH ......................................................................................................... 89 

FIGURE 57 - IMPACT OF PTC ON WIND ENERGY DEVELOPMENT (WISER ET AL., 2007)........................................... 90 

FIGURE 58 - CASH FLOW STRUCTURE WITH AN EXAMPLE ................................................................................................. 94 

FIGURE 59 ï PICTORIAL REPRESENTATION OF ECONOMIC ANALYSIS MODEL INFORMATION FLOW ..................... 99 

FIGURE 60 - ECONOMIC ANALYSIS MODEL LAYOUT ........................................................................................................ 100 

FIGURE 61 - ECONOMIC ANALYSIS MODEL LAYOUT EXAMPLE ..................................................................................... 100 

FIGURE 62 - DROP-DOWN MENU FOR SELECTING PRE-CONFIGURED PARAMETERS ................................................ 101 

FIGURE 63 ï MACRO-ENABLED BUTTONS FOR AUTOMATIC PROBLEM SOLVING ..................................................... 101 

FIGURE 64 - BASE CASE IPC BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED .................................... 104 

FIGURE 65 ï FINANCIAL CASES ANALYZED ........................................................................................................................ 105 

FIGURE 66 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $150K LIDAR 

PER TURBINE ...................................................................................................................................................................... 107 

FIGURE 67 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR A $150K LIDAR PER TURBINE ............................................................................... 109 

FIGURE 68 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $150K LIDAR PER TURBINE ........................................................................ 109 

FIGURE 69 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR VARIOUS COSTS OF LIDAR PER TURBINE ........................................................... 110 

FIGURE 70 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR VARIOUS COSTS OF LIDAR PER TURBINE .................................................... 110 



Texas Tech University, Rachit R. Mathur, December 2014 

 xiv 

FIGURE 71 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR VARIOUS COSTS OF LIDAR PER TURBINE CONSIDERING NO REDUCTION 

IN AEP ................................................................................................................................................................................ 113 

FIGURE 72 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR VARIOUS COSTS OF LIDAR PER TURBINE CONSIDERING NO REDUCTION IN 

AEP ...................................................................................................................................................................................... 113 

FIGURE 73 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 8% TURBULENCE INTENSITY .......... 137 

FIGURE 74 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 10% TURBULENCE INTENSITY ....... 138 

FIGURE 75 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 12% TURBULENCE INTENSITY ....... 139 

FIGURE 76 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 14% TURBULENCE INTENSITY ....... 140 

FIGURE 77 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 16% TURBULENCE INTENSITY ....... 141 

FIGURE 78 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 18% TURBULENCE INTENSITY ....... 142 

FIGURE 79 - VARIATION OF BLADE ROOT LOADS WITH WIND SPEED FOR 20% TURBULENCE INTENSITY ....... 143 

FIGURE 80 ï ELECTRIC POWER CURVE COMPARISON FOR VARIOUS TURBULENCE INTENSITIES. ....................... 149 

FIGURE 81 - WIND TURBINE POWER CURVE AND ENERGY CAPTURED ........................................................................ 153 

FIGURE 82 ï VERTICAL WIND SPEED SHEAR PROFILE ...................................................................................................... 154 

FIGURE 83 - WIND FARM LOSSES............................................................................................................................................ 155 

FIGURE 84 - ANNUAL OPERATING EXPENSES...................................................................................................................... 156 

FIGURE 85 - WIND TURBINE COSTS AND EXPENSES .......................................................................................................... 157 

FIGURE 86 - WIND TURBINE DRIVE TRAIN COSTS .............................................................................................................. 158 

FIGURE 87 - WIND TURBINE ROTOR COSTS ......................................................................................................................... 159 

FIGURE 88 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR RANGE OF LIDAR COSTS PER TURBINE ............................................................... 160 

FIGURE 89 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A RANGE OF LIDAR COSTS PER TURBINE .................................................... 161 

FIGURE 90 ï LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED

 ............................................................................................................................................................................................... 162 

FIGURE 91 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED ................................................................................................................................................................................... 162 

FIGURE 92 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $25K LIDAR PER 

TURBINE .............................................................................................................................................................................. 163 



Texas Tech University, Rachit R. Mathur, December 2014 

 xv 

FIGURE 93 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR A $25K LIDAR PER TURBINE ................................................................................. 163 

FIGURE 94 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $25K LIDAR PER TURBINE .......................................................................... 164 

FIGURE 95 - LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED165 

FIGURE 96 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED ................................................................................................................................................................................... 165 

FIGURE 97 ï REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $50K LIDAR PER 

TURBINE .............................................................................................................................................................................. 166 

FIGURE 98 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR A $50K LIDAR PER TURBINE ................................................................................. 166 

FIGURE 99 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $50K LIDAR PER TURBINE .......................................................................... 167 

FIGURE 100 - LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED

 ............................................................................................................................................................................................... 168 

FIGURE 101 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED ................................................................................................................................................................................... 168 

FIGURE 102 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $150K LIDAR 

PER TURBINE ...................................................................................................................................................................... 169 

FIGURE 103 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM 

BASE CASE BREAKEVEN NPV FOR A $150K LIDAR PER TURBINE .................................................................... 169 

FIGURE 104 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $150K LIDAR PER TURBINE ........................................................................ 170 

FIGURE 105 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR RANGE OF LIDAR COSTS PER TURBINE WITHOUT LOSS OF AEP DUE TO 

LIPC .................................................................................................................................................................................... 171 

FIGURE 106 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A RANGE OF LIDAR COSTS PER TURBINE WITHOUT LOSS OF AEP DUE TO 

LIPC .................................................................................................................................................................................... 172 

FIGURE 107 - LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED 

(WITHOUT LOSS OF AEP DUE TO LIPC) .................................................................................................................... 173 

FIGURE 108 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED (WITHOUT LOSS OF AEP DUE TO LIPC) ....................................................................................................... 173 

FIGURE 109 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $25K LIDAR 

PER TURBINE WITHOUT LOSS OF AEP DUE TO LIPC ............................................................................................. 174 



Texas Tech University, Rachit R. Mathur, December 2014 

 xvi 

FIGURE 110 ï VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM 

BASE CASE BREAKEVEN NPV FOR A $25K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC

 ............................................................................................................................................................................................... 174 

FIGURE 111 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $25K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC . 175 

FIGURE 112 - LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED 

(WITHOUT LOSS OF AEP DUE TO LIPC) .................................................................................................................... 176 

FIGURE 113 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED (WITHOUT LOSS OF AEP DUE TO LIPC) ....................................................................................................... 176 

FIGURE 114 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $50K LIDAR 

PER TURBINE WITHOUT LOSS OF AEP DUE TO LIPC ............................................................................................. 177 

FIGURE 115 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR A $50K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC ........ 177 

FIGURE 116 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $50K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC . 178 

FIGURE 117 - LIDAR CASE A (INCREASE IN LIFE) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND SPEED 

(WITHOUT LOSS OF AEP DUE TO LIPC) .................................................................................................................... 179 

FIGURE 118 - LIDAR CASE B (INCREASE IN DIAMETER) BREAKEVEN COST OF ENERGY VS. 80M MEAN WIND 

SPEED (WITHOUT LOSS OF AEP DUE TO LIPC) ....................................................................................................... 179 

FIGURE 119 - REDUCTION OF BREAKEVEN COST OF ENERGY THE FROM BASE CASE IPC FOR A $150K LIDAR 

PER TURBINE WITHOUT LOSS OF AEP DUE TO LIPC ............................................................................................. 180 

FIGURE 120 - VARIATION OF NPV WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE BREAKEVEN NPV FOR A $150K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC ..... 180 

FIGURE 121 - VARIATION OF IRR WITH CHANGES IN OPERATIONAL LIFE &  THE ROTOR DIAMETER FROM BASE 

CASE TARGET IRR (11.5%) FOR A $150K LIDAR PER TURBINE WITHOUT ENERGY LOSS DUE TO LIPC

 ............................................................................................................................................................................................... 181 

 



Texas Tech University, Rachit R. Mathur, December 2014 

 1 

CHAPTER 1 

INTRODUCTION  

1. Project Definition 

Industrialized nations have produced electricity using non-renewable resources such as 

coal and natural gas for over a century now. Over this period, the operational efficiencies 

of producing electricity through these non-renewable resources have improved 

significantly. In addition, a variety of new technological innovations and discoveries in 

converting the chemical energy in fossil fuels to electricity have been made.  

 

One of the primary reasons that humans decided to explore the renewable sources to 

produce electricity was to overcome some of the serious disadvantages of using 

conventional fossil fuels. These disadvantages include: 

¶ Limited availability 

¶ Environmental pollution and degradation 

As a renewable resource, wind has come a long way since the first wind turbine was 

developed to generate electricity in 1987 by Charles F. Brush. Figure 1 depicts an 

approximate position that the wind industry holds today in terms of a typical industrial 

life cycle. Specifically, the onshore wind industry is approaching its maturity as it still 

continues to grow rapidly and innovate efficient operational methods.  

 

One of the primary objectives of the energy industry, renewable as well as non-renewable 

is to maximize the energy production for a minimum cost. The onshore wind industry in 

its early stages followed this objective by increasing the size and power rating of 

individual turbines. However, in the past decade, transportation of the turbine 

components as well as transmission of electricity to the load centers have proved to be a 

limiting factor in making these onshore turbines bigger.  
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These limitations led to a paradigm shift in the industry, and forced the manufacturers 

(OEMs) and developers to improve upon the overall operational efficiencies of the 

turbine rather than increasing its size. For the current onshore utility scale, the turbine 

capacity ranges from 1.6 to 3.0 megawatt, and their rotor diameter is limited to less than 

120 meters. Thus, to achieve the aforementioned industry objective within the stated size 

limitations, one of the primary challenges ahead of the wind industry is its turbine 

reliability. 

 

The most critical and failure prone turbine components such as, blades, gearboxes and 

generators fail primarily due to structural fatigue damage. This research utilizes blade 

fatigue as a representative mechanism for turbineôs structural failure damage and 

analyzes the impact of reducing fatigue loads on turbine reliability and operation.  

 

 

Figure 1 - Industry life cycle 

Most modern wind turbines utilize bladeôs pitch control as one of the primary control 

methods for efficient and effective operation. As the industry progressed over the period 
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of years, turbines started pitching the blades individually instead of the conventional 

collective mechanisms to reduce cyclic and the once per revolution (1P) load components 

(Bossanyi, 2003). However, even with such sophisticated individual blade pitch control, 

the turbines continue to fail, significantly because of their inherent reactive operational 

and control strategy.  

 

Conventional wind turbines typically utilize a reactive control strategy for their 

operations. That is, the turbine has no information about a wind front as it approaches and 

flows past the turbine. Once the front comes in contact with the turbine, the turbineôs 

control system reacts to the state changes caused by the passing front. This reactive 

methodology increases structural fatigue and reduces the overall operational efficiency. 

Figure 2 illustrates the schematic of a conventional three bladed horizontal axis turbine.  

 

One method that the wind industry is researching and testing to overcome these 

shortcomings is to have advance information of approaching wind fronts, so as to 

proactively decide upon the turbineôs control actions. For instance, by having advance 

measurements of an approaching wind front, the control system can decide the 

appropriate pitch trajectory for individual blades prior to the arrival of the gust. This 

research models, analyzes and evaluates the technical and economic impacts of utilizing a 

proactive control strategy for individually pitching the turbine blades. 

2. Project Scope and Methodology 

This research is divided into two broad phases: 

¶ Technical impacts 

¶ Financial feasibility and Economic impacts 
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Figure 2 - Conventional three-bladed wind turbine 

The first phase analyzes and quantifies the technical impacts of using a proactive turbine 

control strategy. A variety of modern sophisticated instruments such as Radar, Lidar and 

Sodar are available today for measuring and characterizing wind statistics ahead of the 

turbine. This work utilizes Lidar data within the measurement and control system of the 

turbine to minimize structural fatigue loads on the blades in a stochastic wind 

environment as illustrated in Figure 3.  

 

As the wind front approaches the turbine, it is assumed that the Lidar mounted on the hub 

accurately and effectively characterizes its statistical properties and provides this 

information to the turbine controller prior to the arrival of the front. Upon receiving 

information from the Lidar, and knowing the current operational state of the turbine, the 

pitch controller proactively estimates the pitch trajectories for individual blades.  
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Figure 3 - Conventional three-bladed turbine with a hub-mounted Lidar 

For this analysis a generic 5MW variable-speed wind turbine, the corresponding wind 

data and a Lidar unit is modeled using NREL-developed tools such as FAST and 

TurbSim. Furthermore, the turbine responses for three different pitch controllers are 

simulated, analyzed and compared. The response is described in terms of damage 

equivalent loads (DELs), annual energy output (AEP) and the corresponding pitch 

activity. The analysis showed that proactive pitching of blades using advanced wind 

measurements could have a significant effect on the fatigue life of the turbine structure. 

As a result, a reduction of about 10% in the blade-root flapwise bending moment DELs is 

estimated. 

 

Even though there are technical advantages of using wind remote sensing to reduce the 

structural loads and associated fatigue damage, the addition of a Lidar is a capital-

intensive investment. For a farm operating with such proactively controlled turbines, 

significant capital must be allocated for Lidars upfront, before commissioning the project. 

Therefore, before making such an investment, it is important to financially analyze 
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whether incorporation of a Lidar-per-turbine to reduce structural fatigue is attractive. 

Thus, the second phase of this research evaluates the financial impacts of installing a 

hub-mounted Lidar for reducing the fatigue loads. An extensive pro-forma cash-flow 

model is developed for this purpose. Project financing and government incentives play a 

vital role in profitability of a wind farm. The third phase of this research analyzes the 

impacts of project financing characteristics and incentives such as Production Tax Credits 

(PTC) on such a proactively controlled wind project. 

3. Dissertation Layout 

The document is laid out in 5 chapters. The second chapter, Literature Review, elaborates 

on the current state of the turbines along with their operational and control 

methodologies. In addition, this chapter discusses the need of effective proactive blade 

pitch control for minimizing turbine loads and increasing operational efficiencies. 

Furthermore, it elaborates on the need for a thorough financial feasibility analysis for 

such Lidar controlled turbines. 

 

The third chapter, Technical Research Methodology and Results, lays out the research 

step by step as it was done and discusses the first phase of this research. A comparison of 

three different turbine pitch controllers is made from a technical standpoint. The primary 

parameters used for evaluating and comparing turbine controller are the blade root fatigue 

loads, annual energy produced and the change in pitch activity. Furthermore a thorough 

analysis and comparison of the turbine response is done in this chapter.  

 

The fourth chapter, Economic Research Methodology and Results, elaborates upon the 

second and the third phase of the research, listed in the previous section. In this chapter, 

the pro forma based economic tool is modeled and its results are discussed. Moreover, it 

summarizes and analyzes the economic impacts of utilizing a Lidar for proactively 

controlling the turbine as discussed in the previous two chapters. 
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Finally, chapter five, Conclusions and Recommendations, summarizes this research and 

provides insights on the current outcomes of this research and possible improvements for 

future.
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CHAPTER 2 

LITERATURE REVIEW  

Conventional wind turbines operate using a reactive operational approach as seen in the 

previous chapter. This reactive operational methodology introduces a lag in the turbineôs 

control and the structural response relative to the wind front as it passes through the 

turbine. Subsequently, this lag in turbineôs response leads to the structural failure of the 

turbine components due to extreme and fatigue loads. Wind energy researchers and 

engineers have been addressing this failure mode since the past decade by optimizing the 

turbine control algorithms for reducing structural loads. In recent times, there has been a 

significant growth in research studies on proactive turbine control and the corresponding 

impacts. A potential solution that the industry is trying to implement is to utilize a wind 

remote sensing Lidar for proactively pitching the turbine blades. This chapter discusses 

and summarizes the current state of research and technology from the available literature 

on effective turbine load control and the corresponding wind farm economics. 

1. Effect of Incoming Wind Pattern on Turbine Loading 

Wind turbines are subject to a wide range of deterministic and stochastic structural loads. 

Deterministic parameters, such as gravity and wind shear, along with the stochastic 

asymmetrical wind flow across the rotor significantly affects the loading pattern on the 

turbine structure. In addition, due to the variable and short-term stochastic nature of 

gusts, loads on the turbines are highly variable. Thus, the wind turbine structure and its 

components are prone to fatigue failure. Furthermore, because of the economic and 

structural constraints, critical components such as turbine blades are built using lighter 

and flexible composite materials that are susceptible to material fatigue. Therefore, 

fatigue is one of the primary criteria that should be considered during the design phase of 

the turbine to maximize its operational lifetime (Sutherland, 1999). Moreover, before the 

turbines are commissioned and operated, they must be certified by organizations like 

DNV-GL, and Intertek. One important criterion of testing a turbine for certification is its 
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effective operational fatigue life. Thus, it is required during the turbineôs design phase for 

the turbine manufacturers to identify the sources of fatigue loads and their significance. 

 

Figure 4 illustrates the variation of the wind speed across the rotor plane due to vertical 

wind speed shear. Similarly, the wind speed varies horizontally, across the rotor. This 

deterministic variation of wind causes a significant impact on the turbineôs structural 

loading. In addition to these wind speed variations, the gravitational, inertial and the 

operational loads produce alternate tensile and compressive stress cycles along length of 

the blade in the flapwise as well as lead lag direction as shown in Figure 5. Subsequently, 

the out of plane and the in-plane bending moments on the turbine blades incrementally 

impact the bladeôs fatigue properties and cause a finite damage on the structure after 

every cycle. Over a period of time as the structural damage gets accumulated during the 

operational life, the blade structure fails due to fatigue. The blade structure sustains the 

maximum amplitudes of both the out of plane as well as lead-lag bending moments at its 

root. Therefore, a turbine blade is prone to fatigue failure especially at its root with the 

out of plane bending moments being the primary cause of its failure.  

 

Wind is stochastic in nature and thus, varies significantly across the rotor plane as it 

blows past the turbine. That is, each of the blades could potentially see different wind 

characteristics relative to the other two as it rotates. This effect can lead to an asymmetric 

rotor loading, especially for larger wind turbines placed in highly turbulent wind 

conditions. Thus, in addition to the aforementioned deterministic factors, turbulent winds 

and the corresponding asymmetrical loading pattern on the rotor can significantly affect 

the both the fatigue and extremely load characteristics of the turbine structure (Verheij et 

al., 1992). 

 

Mouzakis et al. (1999) used a multiple regression model to identify and evaluate the 

effect of incoming wind characteristics and the surrounding terrain on the turbineôs 

structural fatigue loading. For analysis, measurements from a 110 KW, three-bladed, 

stall-controlled Wincon-110xt turbine were used. Three 40-m meteorological towers were 
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placed at a distance of 1.5 rotor diameters for the undisturbed wind measurements as seen 

in Figure 6. In addition, the turbine was equipped with full bridge strain gauges to 

measure structural loading on the blades, drive train and the tower. Using these 

measurements, damage equivalent loads (DEL) were estimated for a variety of structural 

loads. A Damage equivalent load (DEL) is a single, constant amplitude load that 

produces structural damage equivalent to the loading over a period (Sutherland, 1999).  

 

 

Figure 4 ï Vertical wind speed shear across the rotor plane of a sample turbine 

Hub Height 

Rotor Top 
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Figure 5 ï Gravitational loads on the rotor 

 

 

Figure 6 - Experimental set-up for Mouzakis et al. (1999) 

Mouzakis et al. (1999) observed that the fluctuations in wind represented by its standard 

deviations and thus, the turbulence have the maximum influence on the flapwise blade 

root bending moment DELs. Manuel el al. (2003) observed similar results while 

analyzing the impact of wind inflow characteristics on the turbine fatigue loads. A study 

experiment similar to Mouzakis el al. (1999) was conducted on a Micron 65/18M turbine 

by Sutherland (2002) to analyze the effect of wind inflow characteristics on the fatigue 

performance of turbine structures using a multivariate-regression model. Sutherland 
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(2002) observed that in addition to the turbulence, factors such as the vertical component 

of the wind speed and the atmospheric stability play a significant role in influencing the 

fatigue loads. Riziotis et al. (2000), Kelley et al. (2005) and Sim el al. (2009) observed 

similar impacts of the atmospheric stability and the turbulent inflow conditions on the 

turbineôs fatigue loading.  

 

Moreover, these detrimental effects of turbulence and the other aforementioned wind 

characteristics on the turbine loads could be further amplified in a wind farm setting. That 

is, a turbine operating in a wake of another turbine encounters highly turbulent winds in 

comparison to the one operating in an undisturbed wind environment and thus sustains 

significantly higher structural fatigue loads. Thomsen et al. (1999) observed that the 

turbulence in a wind turbine wake could increase the fatigue loads by as high as 15% on 

the turbine operating in that wake. Figure 7 shows a sample picture of wind turbines 

operating in a wake.  

 

 

Figure 7 - Wind turbines operating in a wake (Hasager et al, 2013) 
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Mouzakis et al. (1999) further analyzed the effect of the wind characteristics on the blade 

root flapwise bending moment DELs for varying slopes of the S-N curves. The slope of 

an S-N curve represents various component materials as stated in the international 

electro-technical commission (IEC) standards. For instance, slopes of 3, 6 and 10 

represent steel, aluminum and composite blade material respectively (Sutherland, 1999). 

It was observed that the influence of the deterministic variables such as the mean wind 

speed, shear exponent and the inclination of wind inflow decreases when the slope 

increases, whereas the effect of stochastic variables increases with increasing slope. In 

other words, stochastic variables have a higher effect on materials such as composites 

that are used for blades than other materials such as steel. This is one of the reasons that a 

turbine blade was used as a representative component to analyze the impact of various 

control strategies on the turbineôs structural fatigue loading. 

2. Wind Turbine Fatigue Loading and Turbine Control 

In the previous section it was observed that turbulent winds and atmospheric stability are 

the primary factors that influence the fatigue loading on the turbine structure. This section 

summarizes the methodologies that wind turbine designers utilize for efficient turbine 

operations and control to mitigate the fatigue loads.  

2.1. Wind Turbine Control  

Figure 8 illustrates a typical power curve for a modern horizontal axis turbine. On its x-

axis is the mean wind speed while the y-axis represents the delivered electric power 

output. As seen, the power curve is usually compartmentalized in four Regions of turbine 

operation. In Region II, the operational and control objective is to maximize the 

aerodynamic efficiency and thus the power captured by the turbine (Wright et al., 2008). 

The blade pitch angles are kept constant at a fixed full power angle throughout this 

Region. At the onset of Region III, as the wind speed approaches its rated value, the 

turbine control moves from a variable speed control to the pitch controlled operation. In 

this Region of operation, the operational and control objective of the turbine is to 
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maintain a constant level of rated power for the minimum level of structural loads 

(Wright et al., 2008). Thus, as the wind speed increases from rated to the cut-out, the 

bladeôs pitch angle is varied proportionally from the full-power (near 0 degree) to feather 

(90 degree) to achieve the aforementioned objectives. Moreover, at the onset of Region 

III , the turbine may experience power fluctuations below and above its rated capacity. 

This Region, which lies between the designated Regions II and III, is known as the 

Region II ½. Since most of the pitch control action occurs in Region III and in Region II 

½ of the power curve, this will be the focus of this research.  

 

Until the late nineties, turbine control in Region III of the power curve was primarily 

used to limit the power output and to reduce the impact of extreme loads. However, in 

addition to reducing the extreme loads, modern turbine designers have to focus on 

minimizing the fatigue damage induced by the low amplitude load cycles. 

 

  

Figure 8 - Wind turbine power curve (Courtesy: Dr. Jamie Chapman) 

Region II ½  
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A conventional horizontal axis wind turbine uses the generator torque controller to vary 

the rotor speed proportional to the undisturbed wind speed in Region II of the power 

curve. Whereas in Region III upon reaching the rated wind speed it invokes the blade 

pitch controller. However, in Region II ½, where the mean wind speeds are fluctuating 

above and below rated, it would be beneficial to activate the turbine pitch controller 

before the turbine actually reaches its rated wind speed to avoid rotor over loading. To 

improve upon the energy capture, it is important to decouple the two controllers and have 

only one of the two active at any given instance (Bossanyi, 2000). Bossanyi (2003) 

suggested that this could be achieved by having both the generator torque and the blade 

pitch controller active all the time with only one of the two in an operational mode at a 

given state. That is, in Region II, both the generator torque and pitch controllers are 

active, but the pitch controller remains saturated and only the torque controller operates 

the turbine and vice versa. However, as the turbine approaches Region II ½ both the 

controllers can constructively interfere to optimize the loads as well as the captured 

energy (Bossanyi, 2003).  

2.2. Individual Blade Pitch Control  

The wind turbine structure is subjected to wide variation of aerodynamic loads due to 

deterministic effects like wind speed shear. Every blade as its sweeps the rotor sustains 

these loads fluctuations once per rotation (1P). Whereas, the stationary components of the 

turbine such as the tower and the nacelle experience these loads three times per rotation 

(3P) along with its harmonics namely, 6P, 9P, 12P and so on. The stationary components 

do not typically sustain the 1P harmonics as illustrated by Bossanyi (2005). However, 

with the increasing size of modern rotors and the stochastic nature of wind, conditions 

faced by each turbine blade significantly differ from the other. That is, if the turbine 

encounters an incoming gust, which affects a portion of the rotor, the possibility of the 

gust structure changing its characteristics are high as one of the blades moves away and 

another moves towards it. In this case, the turbine structure and its stationary components 

would sustain the 1P loads. Hence, instead of conventional collective pitching of turbine 
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blades, modern turbine designer utilize individual blade pitching to reduce such 

asymmetrical loads and the corresponding structural fatigue (Bossanyi, 2000).  

 

The first generation individual blade pitch controllers were azimuth based cyclic blade 

pitch controllers that tried to mitigate the deterministic loads caused by factors such as 

wind shear. However, as described by Walter et al. (2009), wind shear and the 

corresponding loads across the rotor can vary significantly with the local atmospheric 

conditions. To address this drawback, Caselitz et al. (1997) analyzed the use of blade root 

strain measurements to reduce the asymmetrical rotor loads (1P) through individual blade 

pitch control. Strain measurements from the blade root represent the load levels on each 

blade and help in mitigating the aforementioned asymmetric loads when used within the 

measurement and control system of the turbine.  

 

Bossanyi (2003) used the strain measurements to minimize the structural fatigue loads 

with two different individual blade pitch controllers, namely, the multivariable Linear-

Quadratic-Gaussian (LQG) and the proportional integral (PI) controller. Through this 

analysis, it was observed that using the blade root strain measurements for individual 

blade pitch control significant reduction in the 1P rotor loads are achieved in Figure 9 and 

Figure 10. Bossanyi (2005) enhanced this individual pitch controller to reduce the 3P 

loads on the stationary components such as the tower in addition to the 1P rotor loads. 

Furthermore, Hand et al. (2004) demonstrated that individual blade pitch control could 

also be used to mitigate the fatigue loads by as much as 30% relative to the conventional 

PI controller operating in the path of vortices in a stable atmospheric boundary layer. 

Thus, it is seen through the aforementioned studies that using individual blade pitch 

controller, significant reduction of the asymmetric rotor loads could be achieved.  

 

In addition to the 1P loads due to asymmetric wind loading, the turbine may also sustain 

rotor imbalance and static moments due to differences in the bladeôs aerodynamic 

profiles, mass distribution as well as assembly pitch angle setting errors. In addition, 

environmental factors such as dust and snow accumulation can further add to the rotor 
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imbalance. Kanev et al. (2009) demonstrated that individual blade pitch controller could 

also be used to mitigate the aforementioned asymmetric rotor loads, thus, further 

reducing the structural fatigue loads.  

 

 

Figure 9 ï Comparison of load spectra for various controller (Bossanyi, 2003) 
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Figure 10 - Reduction of fatigue loads for various controllers (Bossanyi, 2003) 

One of the control strategies that turbine designers implement to reduce the fatigue loads 

is activating the individual pitch controller in Region II ½ before the turbine reaches its 

rated power. This not only helps in reducing the maximum thrust loads that a rotor 

sustains but also help in mitigating the structural fatigue due to the fluctuations of wind 

speeds above and below rated. However, by pitching the blades early in Region II ½, the 

turbine loses the energy that it could have capture instead. Johnson et al. (2012) 

investigated this trade-off and proposed a new control strategy to balance the turbine 

fatigue loads with the total annual energy produced (AEP). The fatigue loads and AEP 

for two turbines were simulated and analyzed, namely, the NRELôs Controls Advanced 

Research 600 kW Turbine (CART) and the reference 5 MW turbine (Jonkman et al., 

2009). Moreover, the results were then compared with the field tests on the CART 

Turbine. Johnson et al. (2012) observed that the proposed load-limiting algorithm (LLA) 

for turbine control reduced the blade root flapwise bending moment DELs by 3.2% and 

5-9% for the CART and the reference 5MW turbine (Jonkman et al., 2009), respectively. 

Furthermore, Johnson et al. (2012) also pointed out that as a result of an aggressive 


