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AC circuits, 210
 
Acceleration, 161
 
Actuator disc, 117
 
ADAMS, 344
 
Adaptive control, 385
 
Aerodyn, 343
 
Aerodynamic control
 

control surfaces, 286
 
pitch-twist coupling, 287
 
smart blades, 288
 
torque control, 368
 

Aerodynamic moments, 334
 
Aerodynamics
 

general concepts, 101
 
horizontal axis, 118
 
multiple stream tube, 151
 
non-steady state, 141
 
rotational sampling, 143
 
single stream tube, 146
 
turbine wakes, 142
 
unsteady, 143
 
vertical axis, 145
 

Aesthetics, 556
 
Aileron, 368
 
Air density, 25, 33, 34, 36, 93
 
Airfoil, 104
 

terminology, 101
 
AirfoilPrep, 343
 
Aliasing, 666
 
Altamont Pass, 18
 
Alternating current, 207
 
Alternator. 361
 
American Wind Energy Association, 72, 75, 552
 

Ampere's Law, 214
 
Analog-to-digital converters, 381
 
Anemometer, 77
 
Ang1eofattack, 101,103,104,108,109,111,
 

119,121,124,130,131,132,135,138,
 
141, 143, 148, 149, 150, 152,368, 372
 

Angular induction factor, 97, 117, 118, 131, 136
 
Angular momentum, 96,98, 117, 118, 119,
 

124, 162
 
ARMA. See Autoregressive moving average
 
Armature, 220
 

winding, 223
 
Array
 

efficiency, 423
 
losses, 423, 424, 429
 

Articulated blades, 190
 
Asynchronous machines. See Induction generator
 
Atmosphere, 24
 
Atmospheric boundary layer, 36, 37
 
Atmospheric circulation patterns, 26
 
Atmospheric pressure, 24, 36
 
Atmospheric stability, 37
 
Autocorrelation, 42, 662
 
Autoregressive moving average, 671
 
Availability, 418, 506
 
Avian interactions, 549
 

adverse effects, 550
 
bats, 551
 
birds, 549, 553
 
case studies, 552
 
environmental assessment, 553
 
mitigation, 552, 556
 

Avoided costs. See Costs, avoided
 

Wind Energy Explained: Theory, Design and Application, Second Edition James Manwell, Jon McGowan, t.~.·.',... ,1~"	 and Anthony Rogers 
© 2009 John Wiley & Sons, Ltd 

J 

1 

si4_1
Typewritten Text
621.312136 MAN 2nd ed.



678 Index 

AWEA. See American Wind Energy Association
 
Axial induction factor, 94,98,99, 101, 121, 126,
 

130, 131, 135, 139, 143,427
 
Axial momentum, 124
 

Barriers to wind energy deployment, 540
 
Base-load, 443
 
Bats. See Avian interactions
 
Battery charging, 2
 
Beam, 169
 

cantilevered beam, 161
 
Bearings, 5,228,235,271,285,287,294,296,
 

297, 318, 319
 
Bedplate, 6
 
Behind-the-meter generator, 527,528,529
 
BEM. See Blade element momentum theory
 
Bergey Excel, 361, 367
 
Betz limit, 91,92, 100, 115, 121, 151
 
Betz, Albert, 1
 
Bird mortality, 555
 
Bird risk, 555
 
Bird utilization counts, 553
 
Bird utilization rate, 553
 
Birds. See Avian interactions
 
Blade and hub loads, 196
 
Blade bending moments and stresses
 

edgewise, 172
 
flapwise, 172
 
lead-lag, 172
 

Blade element momentum theory, 124, 125
 
Blade element theory, 91, 117, 118, 121, 122,
 

124,130
 
Blades, 277
 

azimuth, 174
 
condition monitoring, 283
 
design, 116
 
design considerations, 277
 
manufacturing
 

methods, 281
 
worker health and safety, 283
 

materials, 280
 
natural frequencies, 336
 
properties, 286
 
recyclability, 281
 
roots and hub attachments, 284
 
shape, 121, 134,277
 
structure, 280
 
weight, 335
 

BModes, 343
 
Boundary layer, 105, 106
 

Brake, 3, 5, 299
 
Brake torque control, 370
 
Brush, Charles, 15
 
Brushes, 220
 

Cables, 3, 253, 440
 
California
 

wind farms, 11, 520
 
wind rush, 18
 

Camber, 101, 102, 112
 
Campbell diagram, 327
 
Capacitor, 207, 255
 
Capacity value, 523
 
Carbon dioxide, 525
 
Centrifugal force, 161
 
Centripetal acceleration, 161
 
Certification, 19, 322, 325
 
Chord, 101,103,104,112,119,121,124,
 

133, 148
 
Circuit, 229
 
Circuit breakers, 255
 
Circulation, 107, 108
 
Classification of terrain, 48
 
Climate, 28
 
Climate change, 547
 
Closed-loop control, 390, 393
 
Coal, 12
 
Coherence, 431, 666, 673
 
Coherence function, 430
 
Collective pitch control, 368, 401
 
Combined meso/microscale modelling, 65
 
Commissioning, 417
 
Commutator, 220
 
Complex terrain, 52
 
Components, 359, 365
 
Computational fluid dynamic models, 86
 
Computer
 

controller, 367
 
Computer codes, 345
 
Computer control. 381
 
Coning, 131. 190
 
Constant-speed, 373
 
Constant-speed operation, 372
 
Constant-speed turbines
 

electrical characteristics, 436
 
Contactor, 254, 367
 
Control, 4,317,359,360,368,441
 

pitch, 4
 
yaw, 4
 

Control design issues, 388
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Control disturbances, 3
 
Control system, 6, 361
 

actuators, 6, 367
 
amplifiers, 367
 
analog elctrical, 402
 
components. 36I, 36
 
controllers, 6, 366
 
digital, 403
 
disturbances, 399
 
intelligence, 6
 
load control, 400
 
mechanical, 402
 
overview, 364
 
power amplifiers, 6
 
resonances, 394
 
sensors, 6, 366
 
types, 360
 

Controller, 361, 366
 
Cost of energy. 19
 
Cost of energy analysis,
 
Costs, 360, 509. 510, 5
 

avoided, 521,522
 
capital, 506, 507
 
external, 525
 
fabrication, 512
 
financing. 506, 509
 
generating, 506
 
historical, 514
 
installation, 509
 
interconnection. 509
 
materials, 509
 
offshore wind turbine
 
operation and mainter
 
Sunderland capital co
 
wind farms, 517
 
wind turbines, 513
 

Coupling, 3, 5, 270
 
CP-A. curve, 137
 
Cramer's Rule, 193
 
Cross correlation, 662
 
Cross spectral density,
 
Cumulative distribution
 
Cut-in wind speed, 7
 
Cut-out wind speed, 7
 
Cyclic pitch, 368
 

Darrieus rotor, 8, 146,
 
Data analysis, 661
 
Data recording systems,
 
Data synthesis, 671
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Control disturbances, 399
 
Control system, 6, 361
 

actuators, 6, 367
 
amplifiers, 367
 
analog elctrical, 402
 
components, 361,365
 
controllers, 6, 366
 
digital, 403
 
disturbances, 399
 
intelligence, 6
 
load control, 400
 
mechanical, 402
 
overview, 364
 
power amplifiers, 6
 
resonances, 394
 
sensors, 6, 366
 
types, 360
 

Controller, 361,366
 
Cost of energy, 19
 
Cost of energy analysis, 531
 
Costs, 360,509,510,511, 512, 530, 531
 

avoided, 521, 522
 
capital, 506, 507
 
external, 525
 
fabrication, 512
 
financing, 506, 509
 
generating, 506
 
historical, 514
 
installation, 509
 
interconnection, 509
 
materials, 509
 
offshore wind turbines, 517
 
operation and maintenance, 506,510,519,520
 
Sunderland capital cost model, 514
 
wind farms, 517
 
wind turbines, 513
 

Coupling, 3, 5, 270
 
CP-A curve, 137
 
Cramer's Rule, 193
 
Cross correlation, 662
 
Cross spectral density, 666
 
Cumulative distribution, 58
 
Cut-in wind speed, 7
 
Cut-out wind speed, 7
 
Cyclic pitch, 368
 

Darrieus rotor, 8, 146, 152
 
Data analysis, 661
 
Data recording systems, 82
 
Data synthesis, 671
 

DC Generators, 234
 
Decibel, 562
 
Delta connected coils, 212
 
Demand. See Electrical demand
 
Denmark, 2, 15, 16, 19,506,520,542
 
Design, 3,91,233,316,319,321,322,559,566
 

computer codes, 342
 
design basis, 314
 
design loads, 325,327, 331
 
design wind conditions, 328
 
evaluation, 314,345
 
issues, 311
 
procedure, 312
 
standards. See Standards
 

Developer, 527, 530
 
DeWind, 363
 
Diesel engine
 

fuel consumption curve, 451
 
generators, 451,455
 
governor, 451
 
maintenance, 452
 

Diesel generators, 527
 
Diesel grids, 451
 
Diffuser augmented wind turbine, 8
 
Digital control systems, 403
 
Digital-to-analog converters, 381
 
Direction sector management, 429
 
Discount rate, 536
 
Distributed generation, 450
 
Distribution system, 433, 435, 436
 
Downwind rotor, 318
 
Downwind turbine, 566
 
Drag, 102
 
Drag coefficient, 103, 104, 106, 108, 110, Ill,
 

121, 139, 141, 150,368
 
Drag force, 103, 105, 113, 114, 119
 
Drag machine, 113, 115
 
Drive train, 3, 5, 163, 292, 350
 

brake \t, 299
 
coupling, 293
 
gearbox. See Gearbox
 
generator. See Generator
 
main shaft, 292
 

Dynamic control, 360,361,373,382
 
closed loop, 390
 
design, 383
 
implementation, 401
 
open loop, 390
 
system design, 383
 
system models, 386
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Dynamic inflow, 143
 
Dynamic pressure, 104
 
Dynamic response, 159,360
 
Dynamic stall, 143
 

Economic analysis methods, 511, 530
 
cash flow, 536, 537
 
cost of energy analysis. See Cost
 

of energy analysis
 
cost-benefit ratio, 536
 
EPRI TAG, 536
 
internal rate of return, 536
 
life cycle costing. See Life cycle costing
 
simple payback period. See Simple payback
 

period
 
Economic lifetime, 507
 
Economic model, 530
 
Economic performance sensitivity analysis, 537
 
Economics, 506
 
Ecotecnia, 363
 
Efficiency, 96, 133, 372
 
Electric grids, 433, 436, 443
 
Electric motor, 220
 
Electrical collection system, 421
 
Electrical demand, 523
 
Electrical fault, 450
 
Electrical load, 255, 434, 441, 443, 452
 
Electrical machines, 219, 235
 

simple, 219
 
Electrical networks, 2
 
Electrical system, 3, 7
 
Electrical system stability, 452
 
Electricity fundamentals, 206
 
Electricity sale, 528
 
Electromagnetic interference, 573, 575
 

aviation navigation, 577
 
blade design, 576
 
blade orientation, 576
 
microwave, 577
 
mitigation, 581
 
prediction models, 577
 
radar, 577
 
radio, 577
 
television, 577
 
tower, 576
 
turbine dimensions, 576
 
turbine parameters, 575
 
turbine speed, 576
 
turbine type, 576
 
types, 576
 

Electromagnetism 
fundamentals, 214
 

Electromechanical devices, 367
 
Energy storage, 489
 

batteries, 489
 
compressed air, 493
 
flywheels, 495
 
pumped hydroelectric, 496
 

Environmental assessment, 553
 
Environmental benefits, 510, 521, 525, 526
 

monetizing, 521
 
Environmental impact, 408
 

avian. See Avian interactions
 
electromagnetic interference. See
 

Electromagnetic interferference
 
flora and fauna, 587
 
noise. See Noise
 
shadow flicker. See Shadow flicker
 
visual impact. See Visual impact
 

Environmental issues, 17
 
Estimating the wind resource, 409
 
European Wind Atlas, 70, 411
 
Experience curve, 512
 
External costs. See Costs, external
 
Extreme wind speeds, 8,61
 

Fail-safe backup systems, 381
 
Faraday's Law, 215
 
FAST, 344
 
Fastening and joining, 276
 
Fatigue, 7, 115, 142,257,368
 

blade fatigue testing, 352
 
composite, 268
 
damage, 160,257,262,265
 
life, 258, 260
 
Miner's rule, 262
 
operating conditions, 264
 
stress cycles, 257
 

Fault diagnosis, 378
 
Fault level, 436
 
Feedback, 390
 
Feeder, 433
 
Feed-in tariff, 529
 
FFT. See Fourier transform
 
Filter, 667
 
Finite element method, 201
 
Fixed-pitch blades, 372
 
Fixed-speed turbines, 437
 
Flaps, 199
 
Flat terrain, 49
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Flettner rotor, 107
 
Flicker, 437
 
Flow states, 129
 
Flutter, 320
 
Flyball governor, 14
 
Forecasting, 72, 528
 
Forecasting wind power I
 
Fossil fuels, I, 17, 523
 
Foundation, 3, 6, 270, 3C
 
Fourier series, 190, 243,
 

transform 
Fourier transform, 662, f 
Fuel costs, 5 IO 
Fuel production 

ammonia, 501
 
hydrogen, 497
 

Fuel savings, 523
 
Full span pitch control,
 
Full-scale blade testing,
 
Fuses, 255
 

Gain scheduling, 385
 
Gaussian distribution, 41
 
Gearbox, 3, 4, 5, 294-98
 

design considerations,
 
gears. See Gears
 
lubrication, 298
 
parallel shaft, 5, 294
 
planetary, 5, 294
 

Gears, 272-75
 
gear ratio, 163
 
gear teeth, 163
 

Gedser wind turbine, 16
 
Generation, 433, 443, 52
 
Generator
 

DC generator. See DC
 
design, 235
 
induction. See Inductic
 
Permanent magnet. Se.
 

magnet general
 
specification, 236
 
synchronous. See Sync
 
wound rotor induction
 

generator
 
Generator speed, 320
 
Generator torque control
 
Geostrophic wind, 25
 
Germany, 2
 
GH Bladed, 345
 
Glauert, 91,97,99, 130
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Flettner rotor, 107
 
Flicker, 437
 
Flow states, 129
 
Flutter, 320
 
Flyball governor, 14
 
Forecasting, 72, 528
 
Forecasting wind power production, 444
 
Fossil fuels, 1, 17, 523
 
Foundation, 3, 6, 270, 306, 463
 
Fourier series, 190, 243, See Fourier
 

transform
 
Fourier transform, 662, 663
 
Fuel costs, 510
 
Fuel production
 

ammonia, 50 I
 
hydrogen, 497
 

Fuel savings, 523
 
Full span pitch control, 368
 
Full-scale blade testing, 351
 
Fuses, 255
 

Gain scheduling, 385
 
Gaussian distribution, 41
 
Gearbox, 3, 4, 5, 294--98
 

design considerations, 296
 
gears. See Gears
 
lubrication, 298
 
parallel shaft, 5, 294
 
planetary, 5, 294
 

Gears, 272-75
 
gear ratio, 163
 
gear teeth, 163
 

Gedser wind turbine, 16
 
Generation, 433, 443, 524
 
Generator
 

DC generator. See DC generator
 
design, 235
 
induction. See Induction generator
 
Pennanent magnet. See Permanent
 

magnet generator
 
specification, 236
 
synchronous. See Synchronous generator
 
wound rotor induction. See Induction
 

generator
 
Generator speed, 320
 
Generator torque control, 369
 
Geostrophic wind, 25
 
Germany, 2
 
GH Bladed, 345
 
Glauert, 91,97,99, 130, 144
 

Golding, E. w., 1
 
Goodman diagram, 260
 
Governmental support, 2
 
Gradient wind, 26
 
Grandpa's Knob, 16
 
Grid, 379, 440, 510
 

capacity, 439
 
connection, 417,421,440
 
frequency, 434
 

Grid operation and control, 441,442,443
 
generator characteristics, 441
 
load characteristics, 441
 

Grid penetration, 446
 
Grid stiffness, 435
 
Grid strength, 435
 
Grid-connected generator, 369
 
Grid-connected operation, 373
 
Griggs-Putnam index, 410
 
Gumbel distribution, 62,473
 
Gusts, 7,31,42,83, 113,264,329,330,
 

368, 394
 
Gyroscopic moments, 189
 

Hanning window. See Power spectral density
 
Hardware logic control systems, 379
 
Harmonic filters, 244
 
Harmonic number, 243
 
Harmonics, 243, 438
 
HAWT, 317, See Horizontal axis wind turbine
 
Hero of Alexandria, II
 
Heronemus, William, 1
 
High-penetration systems, 453
 
Hinge-spring blade model, 174--200
 

coordinate system, 175
 
crosswind, 184
 
cyclics, 181
 
deltas, 185, 186
 
dynamics, 178
 
equation of motion, 180
 
limitations, 199
 
linearized aerodynamics model, 184
 
offset, 176
 
perturbation, 174
 
sources of loads, 175
 
stiffness, 176
 
yaw error, 186
 

Histogram, 55
 
History of wind energy, 10
 
Horizontalaxiswindturbine, 3,91,101,108,112,
 

113,116,138,141,151,317 



682 Index Index 

Hub, 4, 288-92
 
hinged, 4, 291
 
rigid, 4, 288
 
teetering, 4, 290
 

Hub design, 319
 
Hub reactions, 197
 
Hutter, Ulrich, I, 16
 
Hybrid power systems, 450-61
 

controllable loads, 458
 
coupled diesel, 459
 
design, 452
 
diesel generators, 456
 
dump load, 458
 
infrastructure, 454
 
modeling, 460
 
photovoltaic panels, 457
 
power converters, 458
 
supervisory control, 459
 
wind turbines, 456
 

Hydrogen, 15
 

IEe. See International Electrotechnical 
Commission
 

IECWind, 343
 
Impedance, 209, 223, 434
 
Incentives to wind energy development, 528, 542
 
Independent power producers, 527
 
Induced force, 216
 
Inductance, 223, 227
 
Induction generator, 5, 226
 

doubly fed, 226
 
dynamics, 232
 
losses, 228
 
matrix form of equations, 231
 
off-design operation, 233
 
power factor, 229
 
slip, 227
 
soft start, 254
 
squirrel cage, 226
 

variable speed operation, 247
 
starting, 232
 
theory of operation, 227
 
wound rotor
 

variable speed operation, 248, 252
 
high slip operation, 249
 
slip power recovery, 250
 

Inductors, 207
 
Inertia, 161
 
Inertia force, 161
 
Infrasound, 563
 

Infrastructure, 509
 
Innovative wind turbines, 9
 
Insects, 112
 
Instability, 190
 
Installation, 416
 
Installation and operation, 408, 416
 
Instrumentation, 74,77,81
 
Integral length scale, 42
 
Integral time scale, 42
 
Interest rate, 509
 
Intermediate-load, 443
 
International Electrotechnical Commission, 322,
 

323, 328, 572
 
Inverter, 239
 

line-commutated, 240
 
self-commutated, 240, 241
 
voltage source inverters, 240
 

Investment tax credits, 18
 
IPP. See Independent power producer
 
Island networks, 2
 
Isobars, 25
 

Jacobs, Marcellus, 15
 
Juul, Johannes, 1
 

Kennetech Windpower, 19
 
Kinematic viscosity, 103
 
Kinetic energy, 33, 163, 164
 

La Cour, Poul, 1
 
Ladder logic, 379
 
Lagging power factor, 2Il, 224
 
Laminar boundary layer, 105
 
Laminar flow, 105
 
Land-based wind turbines, 549
 
Land-use impacts, 582
 

mitigation, 583
 
Laplace transform, 386, 392
 
Lapse rate, 37
 
Leading edge, 104, 105, Il2, 113
 
Leading power factor, 2Il, 224
 
Leakage reactance, 227
 
Learning curve. See Experience curve
 
LIDAR, 77, 81
 
Life cycle costing, 531, 532
 

annual payment, 532, 535
 
capital cost, 535
 
capital recovery factor, 533
 
discount rate, 532, 533, 535
 
down payment, 535
 

economic life, 535
 
levelized cost of enen
 
net interest rate, 535
 
net load period, 535
 
net present value, 53'
 
net present value of 0
 

operation and rnainter
 
present worth factor,
 
time value of money,
 

Lifetime, 158
 
Lift, 102
 
Lift coefficient, 104, 10(
 

115, 121, 124,
 
Lift force, 8, 103, 104,
 
Lift machine, 113, 115
 
Limits to Growth, 17
 
Line-to-neutral voltage,
 
Load, 327
 
Load duration curves, 4
 
Load match, 452
 
Loads, 368
 

aerodynamics, 160
 
centrifugal, 399
 
control, 160
 
cyclic, 159
 
design, 160
 
drag, 160
 
dynamic interaction,
 
effects, 160
 
fatigue, 160
 
friction, 399
 
gravity, 160, 399
 
gyroscopic, 160
 
ideal rotor, 172
 
impulsive, 159
 
lift, 160
 
other, 399
 
resonance induced,
 
sources, 160
 
steady, 158
 
stochastic, 159
 
tower, 197
 
transient, 159
 
types, 158
 

Loan, 509
 
Local speed ratio, 98, I
 
Lock number, 187, 190
 
Logarithmic shear profi
 
Logic control, 381
 
Loss of load probability
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economic life, 535
 
levelized cost of energy, 534
 
net interest rate, 535
 
net load period, 535
 
net present value, 534
 
net present value of costs or savings, 534
 
operation and maintenance, 535
 
present worth factor, 532
 
time value of money, 532
 

Lifetime, 158
 
Lift, 102
 
Lift coefficient, 104,106,107,108,109,112,113,
 

115, 121, 124, 135, 138, 139, 148,368
 
Lift force, 8, 103, 104, 113, 119
 
Lift machine, 113, 115
 
Limits to Growth, 17
 
Line-to-neutral voltage, 224, 434
 
Load, 327
 
Load duration curves, 441
 
Load match, 452
 
Loads, 368
 

aerodynamics, 160
 
centrifugal, 399
 
control, 160
 
cyclic, 159
 
design, 160
 
drag, 160
 
dynamic interaction, 160
 
effects, 160
 
fatigue, 160
 
friction, 399
 
gravity, 160, 399
 
gyroscopic, 160
 
ideal rotor, 172
 
impulsive, 159
 
lift, 160
 
other, 399
 
resonance induced, 159
 
sources, 160
 
steady, 158
 
stochastic, 159
 
tower, 197
 
transient, 159
 
types, 158
 

Loan, 509
 
Local speed ratio, 98, 101, 133
 
Lock number, 187, 190
 
Logarithmic shear profile, 45
 
Logic control, 381
 
Loss of load probability, 524
 

Losses, 121,228,423
 
Low-level jets, 401
 
Lumped parameter method, 202
 

Machine elements, 270, 366
 
bearings. See Bearings
 
coupling. See Coupling
 
dampers, 275
 
gears. See Gears
 
shafts, 270
 

Machine productivity, 63
 
Magnetic field, 215
 

rotating fields, 220
 
Magnetic field intensity, 214
 
Magnetic flux, 215, 222
 
Magnetic flux density, 215
 
Magnetic pole, 220
 
Magnus effect, 107
 
Main frame, 3
 
Maintenance, 506, 510
 
Maintenance and repair, 419
 
Market, 511,528,529,530,539
 
Market applications, 526
 

customer owned generation, 526
 
electric utility, 526
 
grid-independent systems, 527
 
remote power systems, 527
 

Market for wind systems, 539
 
Market value of electricity, 510
 
Markov chains, 672
 
Mass flow rate, 148
 
Materials, 5
 

basic properties, 266
 
composites, 258, 267
 

carbon fiber, 268
 
epoxy, 268
 
fiberglass, 267
 
polyester, 268
 
wood-epoxy, 268
 

concrete, 270
 
copper, 270
 
fiberglass, 260
 
steel, 266
 

MCP. See Measure-Correlate-Predict
 
Measure-Correlate-Predict, 87, 413
 
Mechanical mechanism, 366
 
Mechanics, 161
 

general principles, 161
 
Mesoscale weather models, 413
 
Meteorological towers, 82
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Method of partial safety factors, 332
 
Micrositing, 86,408,409,415
 
MOD series wind turbines, 112
 
Modal analysis method, 202
 
Model, 530
 
Modeling, 65, 130, 341
 
Modeling wind turbine structural response, 200
 
Moment of inertia, 162, 335
 
Momentum theory, 91,92,96, 117, 118, 121, 124,
 

127, 128, 130, 148
 
Monetized environmental benefits, 510
 
Motion, 189
 

flapping, 174
 
gyroscopic, 164
 
lead-lag, 174
 
nacelle motion, 198
 
torsional, 175
 
yaw, 183
 
yawing. See Yaw motion
 

Multibody analysis, 202
 
Multi-diesel application, 451
 

NACA, 102. 108, 112, 139
 
Nacelle. 3, 6
 

housing, 303
 
main frame, 302
 

Nacelle orientation, 4
 
active, 4
 
free, 4
 

NASA, 17,112
 
National Renewable Energy Laboratory, 68. 72,
 

86, 113, 350, 353, 460, 464, 540, 553
 
Net metering, 529
 
Netherlands, 524, 542
 
Nitrogen oxides, 525
 
Noise, 372,408, 561, 563
 
Noise assessment standards, 572
 
Non-dispatchability, 12
 
Non-flat terrain, 52
 
Non-linear aerodynamics, 389
 
NREL. See National Renewable Energy
 

Laboratory
 
Nuclear power, 19, 523
 
NuMAD,345
 
Number of blades, 93,121,127,128,134,139,
 

140,148,319,320
 
Numerical weather prediction, 73
 
Nyquist frequency, 403, 666
 

O&M costs. SeeCosts, operation and maintenance 

Occupational safety, 585
 
mitigation, 586
 

Off-axis winds, 142
 
Off-design performance, 129
 
Offset emissions, 525
 
Offshore wind energy, 461-78
 

electrical power transmission, 475
 
other considerations, 478
 
site investigation, 477
 
waves. See Waves
 
wind farm design, 477
 

Offshore wind resource, 465
 
turbulence, 467
 
wind shear, 466
 

Offshore wind turbines, 549
 
design considerations, 464
 
external design conditions, 467
 
support structure. See Support structure
 

Operating mode 
transitions, 397
 

Operation and maintenance, 416
 
Operation in severe climates, 478
 
Optimal control, 385
 
Optimum rotor, 131
 
Optimum tip speed ratio, 138, 374
 
Optimum tip speed ratio control. 395
 

Peak demand, 524
 
Peak-load, 443
 
Penetration, 451, 524
 
Performance, 19, 124, 355
 
Permanent magnet generators, 234
 
Permeability, 215
 
Permitting, 416
 
Phasors, 208, 224
 
Pitch angle, 119, 368, 391
 
Pitch control
 

individual, 401
 
pitch to feather, 368
 
pitch to stall, 368
 

Pitching moment, 104, 112,391,399 
coefficient, 104, 109
 

Pitch-regulated turbines, 368, 373, 374
 
Post-stall airfoil characteristics. III
 
Power, 7, 33, 333
 
Power coefficient, 94,99,101,114,115,116,121,
 

126, 127, 137, 138, 139, 149, 150, 152,
 
338, 373
 

maximum, 95
 
maximum with wake rotation, IOJ
 

Power converter, 237
 
Power curve, 7,53,33'
 

wind farm, 429
 
Power curve prediction
 
Power duration curve, :
 
Power electronicconve
 
Power factor, 211
 
Power factor correction
 
Power law shear profile
 
Power purchase agreem
 
Power smoothing, 430
 
Power spectraldensity,
 
Power spectrum, 430
 
Post mill, 12
 
Prandtl, 128
 
PreComp, 343
 
Preconing, 190, 198
 
Pressure coefficient, IO
 
Pressure gradient, 104
 
Probability density func
 
Probability distributions
 

Gaussian. See Gaussis 
Gumbel. See Gumbel 
Rayleigh. See Rayleig 
Weibull.SeeWeibuil 

Progress ratio, 512
 
Propeller anemometer, ~
 

PropID, 343
 
Prototype, 316
 
PSD. SeePower spectral
 

spectral densir
 
Public health risks, 585
 

mitigation, 586
 
Public Utility Regulator)
 

18,542
 
Pulse width modulation I
 

246,247,495 
Pumping. SeeWind wall: 
PURPA. SeePublic Utili 

Policy Act of I
 
Putnam, Palmer, I
 
PWM. See Pulse widthD
 

Quantitativ feedback COD 

Railroads, 14
 
Rainflow cycle counting,
 
Rated wind speed, 7
 
Rayleigh distribution, 59
 
Reactance, 209, 223, 22~
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Power converter, 237
 
Power curve, 7,53,339,419,429
 

wind farm, 429
 
Power curve prediction, 336
 
Power duration curve, 55
 
Power electronic converter, 3, 5, 6, 361, 369
 
Power factor, 211
 
Power factor correction capacitor, 255, 437
 
Power law shear profile, 46, 47
 
Power purchase agreements, 527
 
Power smoothing, 430
 
Power spectral density, 43, 199, 662
 
Power spectrum, 430
 
Post mill, 12
 
Prandtl, 128
 
PreComp, 343
 
Preconing, 190, 198
 
Pressure coefficient, 104
 
Pressure gradient, 104
 
Probability density functions, 41, 57
 
Probability distributions, 58
 

Gaussian. See Gaussian distribution
 
Gumbel. See Gumbel distribution
 
Rayleigh. See Rayleigh distribution
 
WeibulI. See Weibull distribution
 

Progress ratio, 512
 
Propeller anemometer, 79
 
PropID, 343
 
Prototype, 316
 
PSD. See Power spectral density, See Power
 

spectral density
 
Public health risks, 585
 

mitigation, 586
 
Public Utility Regulatory Policy Act of 1978,
 

18, 542
 
Pulse width modulation (PWM), 240,241,242,
 

246, 247, 495
 
Pumping. See Wind water pumping
 
PURPA. See Public Utility Regulatory
 

Policy Act of 1978
 
Putnam, Palmer, 1
 
PWM. See Pulse width modulation (PWM)
 

Quantitativ feedback control, 385
 

Railroads, 14
 
Rainflow cycle counting, 263, 669
 
Rated wind speed, 7
 
Rayleigh distribution, 59, 61, 63
 
Reactance, 209, 223, 229, 435
 

Reagan, Ronald, 19
 
Reanalysis data, 414
 
Record. See Data analysis
 
Rectifiers, 237
 
Reduced purchases, 528
 
Regulation, 522
 
Relay, 367
 
Reliability, 8, 19, 76, 297, 298, 388, 420
 
Reluctance, 216
 
Renewable energy certificates, 528
 
Renewable portfolio standard, 525
 
Resistance, 209, 223, 227, 229, 434
 
Resonance, 389,394
 
Resource, 65, 66, 70, 525
 
Resource assessment, 415
 
Response
 

collective, 191
 
cosine cyclic, 191
 
sine cyclic, 191
 

Return on investment, 531
 
Revenue, 522,527,528,529
 

avoided cost based, 527
 
monetized environmental benefits based, 527
 

Reynolds number, 103, 108, 109, 138
 
Right-hand rule, 164
 
Roads, 421
 
Rocky Flats, 18
 
Rotational sampling, 143, 325, 330
 
Rotor, 3,4,98,113,115,124,130,133,161,227,
 

276,316,368,372,373,423
 
blades. See Blades
 
design, 116, 133
 
dynamics, 172
 
geometry, 368
 
hub. See Hub
 
ideal, 92
 
modeling, 141
 
position, 318
 
speed, 319,334
 
weight, 334
 

Rotor nacelle assembly, 320, 321, 464
 
Rotor orientation, 4
 

downwind, 3, 4
 
upwind, 3,4
 

Rotor performance, 117, 134, 144
 
effect of drag, 139
 
modeling validation, 144
 
simplified, 138
 

Rotor speed, 4
 
RPS. See Renewable portfolio standard
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S809 airfoil, 110
 
Safety, 360,419,585
 

blade throw, 585
 
electromagnetic fields, 586
 
Fire hazard, 586
 
ice, 585
 
tower failure, 585
 
workplace hazard, 586
 

Safety factors, 264, 332
 
San Gorgonio Pass, 18
 
Sandia method, 673
 
Savonius rotor, 9, 115, 146, 153
 
SCADA systems, 360,421
 
Scaling relations, 333
 
SCR. See Silicon-controlled rectifier
 
Search algorithms, 385
 
Secondary circulation, 27
 
Seistan, 12
 
SERI, 113
 
Shadow flicker, 588
 

mitigation, 589
 
Shaft stiffness, 163
 
Shinozuka method, 673
 
Siemens, 362
 
Silent Spring, 17
 
Silicon-controlled rectifier, 367
 
Simple payback period, 530
 
Siting of wind turbines, 408, 409
 

ecological methods, 410
 
siting stages, 408
 
using computer models, 412
 
using mesoscale models, 413
 
using statistical methods, 413
 
using wind atlases, 411
 

Slip, 227
 
Slip rings, 254
 
Smart blade technologies, 369
 
Smeaton, John, 14
 
Smidth, F. L., 15
 
Smith-Putnam turbine, 16
 
Smock mill, 13, 14
 
SODAR, 77, 80
 
Solidity, 125, 132, 319
 
Sonic anemometer, 79
 
Sound, 561,563
 

A-Weighting, 565
 
fundamentals, 561
 
propogation, 570
 
sound power level, 562
 
sound pressure level, 562, 570
 

Spain, 529, 542
 
Spatial characteristics of wind, 28
 
Spectrum, 431, See Power spectral density 
Spider diagram. See Economic performance 

sensitivity analysis 
Stall, 105,110,111,124,141 
Stall-regulated turbines, 370, 372
 
Standard atmosphere, 37
 
Standards, 19,270,299,304,322,
 

327, 328
 
Static pressure, 104
 
Statistical analysis of wind data, 57
 
Stator, 227
 
Steam engines, I, 12
 
Stream tube, 146
 
Streamline, 108
 
Stress
 

amplitude, 259
 
endurance limit, 258
 
reversing, 258
 
spectrum, 264
 
ultimate, 258
 

Stresses, 335
 
Substation, 440
 
Sub-structure, 463
 
Suction, 127
 
Sulphur dioxide, 525
 
Supervisory control, 360, 361, 374, 375, 378,
 

421,455
 
implementation, 379
 
operating states, 375
 

Support structure, 325, 462, 463
 
Surface friction, 26
 
Surface roughness, 45,47,104,112,
 

113, 141
 
Switch, 367
 
Switchgear, 3, 421, 440
 
Synchronous generator, 5,221,434,451
 

starting, 225
 
theory of operation, 222
 
variable speed operation, 247
 

System identification, 388
 

Tariff, 529
 
Tax credits, 525, 528
 
Teetered rotor, 159, 190
 
Teetering hubs, 372
 
Tehachapi, 18
 
Temporal characteristics of wind, 28
 
Tertiary circulation, 27
 

Testing, 347
 
acoustic testing, 355
 
blades, 351
 
drive train, 350
 
for certification, 354
 
full-scale turbine testir
 
materials, 350
 
modal testing, 349
 
non-destructive blade t
 
performance testing, 3
 
sensors, 348
 

THD, 439, SeeTotal han
 
Thin airfoils, 112
 
Thomas, Percy, 1
 
Three-bladed turbine, 14
 
Three-phase loads, 213
 
Three-phase power, 211,
 
Thrust, 92,93,95,97,98,
 

130, 136, 172,~
 

Thrust coefficient, 95, 10
 
172,427
 

Time series data, 661
 
Tip loss, 121, 127, 128, I
 

136, 139
 
Tip speed ratio, 98, 99, I,
 

127, 133, 137, 1
 
338, 361, 368, ~
 

Torque, 6, 96, 98, 113, I.
 
133, 149, 162, I
 
368,369,373
 

actuator, 399
 
aerodynamic, 365
 
generator, 365
 

Torque coefficient, 173
 
Total harmonic distortion,
 
Tower, 3,6,303,321,46:
 

climbing, 305
 
erection, 306
 
foundation. See Foundal
 
top, 306
 

Tower shadow, 143, 159
 
Trailing edge, 10I, 104
 
Transformer, 3, 212, 217,
 

non-ideal, 218
 
Transistor, 367
 
Transmission system, 433
 
Transportation, 417
 
Trend. See Data Analysis
 
Trends, 20
 
Troposkein shape, 146
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Testing, 347
 
acoustic testing, 355
 
blades, 351
 
drive train, 350
 
for certification, 354
 
full-scale turbine testing, 347
 
materials, 350
 
modal testing, 349
 
non-destructive blade testing, 354
 
performance testing, 355
 
sensors, 348
 

THD, 439, See Total harmonic distortion
 
Thin airfoils, 112
 
Thomas, Percy, 1
 
Three-bladed turbine, 140, 372
 
Three-phase loads, 213
 
Three-phase power, 211,213
 
Thrust, 92,93,95,97,98,117,118,119,124,129,
 

130, 136, 172, 400
 
Thrust coefficient, 95, 104, 129, 131, 136,
 

172,427
 
Time series data, 661
 
Tip loss, 121,127,128,130,131,135,
 

136, 139
 
Tip speed ratio, 98, 99, 100, 101, 104, 121, 124,
 

127,133,137,139,140,148,149,319,
 
338,361,368,372,373
 

Torque, 6,96,98, 113, 115, 118, 119, 127,
 
133, 149, 162, 174, 230, 334, 367,
 
368, 369, 373
 

actuator, 399
 
aerodynamic, 365
 
generator, 365
 

Torque coefficient, 173
 
Total harmonic distortion, 243, 438
 
Tower, 3,6,303,321,463
 

climbing, 305
 
erection, 306
 
foundation. See Foundation
 
top, 306
 

Tower shadow, 143,159
 
Trailing edge, 101, 104
 
Transformer, 3,212,217,421,435,440
 

non-ideal, 218
 
Transistor, 367
 
Transmission system, 433
 
Transportation, 417
 
Trend. See Data Analysis
 
Trends, 20
 
Troposkein shape, 146
 

Turbine costs, 315
 
Turbine energy production
 

statistical techniques, 63
 
Turbine erection, 417
 
Turbine loads, 314,325
 

cyclic, 325
 
stochastic, 325
 
transient, 325
 

Turbine operation, 418
 
Turbine wakes, 141, 142
 
TurbSim, 342
 
Turbulence, 7, 39, 85, 106
 
Turbulence intensity, 40,423, 427, 432
 
Turbulent wake state, 130
 
Two-bladed turbine, 140,372
 
Two-speed operation, 372
 

United States, 2, 506
 
Unsteady aerodynamics, 141, 143
 
Upwind rotor, 318
 
US Department of Energy, 17
 
Utility, 5,416,441,528,530,539
 
Utility grids, 2
 

Value of wind energy, 510,521,522,524,525
 
Valve, 367
 
VAR, 210
 
Variable speed operation, 373
 
Variable speed wind turbines, 5
 
Variable speed wind turbines
 

electrical characteristics, 436
 
Variance, 43, 431
 
VAWT. See Vertical axis wind turbine
 
Velocity duration curve, 55
 
Vertical axis wind turbine, 8, 146, 151,317
 
Vestas 91, 363
 
Vibration, 165
 

amplitude, 166
 
cantilevered beam, 168
 
damped, 166
 
damping ratio, 167
 
equation of motion, 167
 
Euler equation, 169
 
forced, 167
 
Holzer's method, 171
 
mode shapes, 168
 
Myklestad method, 169, 180
 
natural frequencies, 171
 
overdamped, 166
 
rotating beam, 170
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Vibration (Continued)
 
rotational, 168
 
single degree of freedom, 165
 
solution, 166
 
underdamped, 166
 

Vibration
 
torsional, 400
 

Vibration
 
fore and aft tower, 400
 

Viscosity, 103, 105
 
Visual impact, 408, 556
 

assessment, 559
 
mitigation, 557
 
resources, 559, 560
 

Voltage 
grid voltage, 435, 437
 

Voltage levels, 214
 
Voltage regulator, 451
 
Voltage source inverter, 240
 
Volt-Amperes reactive, 210
 
von Karman spectrum, 43, 430, 432, 675
 
Vortices, 105, 142
 
Vorticity, 107, 142, 144
 

Wake, 93,98, 101, 124, 127, 130,423
 
Wake models, 424
 

eddy viscosity models, 425
 
Wake rotation, 96
 
Wake turbulence, 428
 
WAsp, 411,412
 
Water pumping. See Wind water
 

pumping
 
Watt, James, 14
 
Waves, 467-75
 

breaking waves, 472
 
extreme waves, 473
 
peak period, 472
 
random waves, 470
 
regular (Airy) waves, 468
 
significant wave height, 471
 
wave forces, 473
 
wave spectra, 471
 

Weak grids, 450
 
Weather, 413
 
Weibull distribution, 59,61,65
 

scale factor, 59
 
shape factor, 59
 

WF-1, 139
 
Wind data, 57
 

analysis, 83
 

Wind direction, 32
 
instrumentation, 81
 
Variations, 32
 

Wind energy production, 53
 
Wind farm filter, 431
 
Wind farms, 408,419,421,428
 

infrastructure, 421
 
technical issues, 422
 

Wind maps, 411
 
Wind measurement, 74
 

instrumentation, 75
 
instrumentation characterization, 76
 

Wind monitoring program, 84
 
Wind power density classes, 66
 
Wind powered desalination, 484
 
Wind powered heating, 487
 
Wind powered ice making, 488
 
Wind resource, 24,33,34,65,409
 

annual variations, 29
 
assessment, 65
 
available wind power, 33
 
characterization, 54
 
diurnal variations, 29
 
effect of terrain, 48
 
estimation, 53
 
Europe, 70
 
forecasting, 72
 
global patterns, 24
 
inter-annual variability, 28
 
short-term variations, 30
 
topographical variations, 32
 
United States, 66
 
variation with height, 43
 
worldwide, 34, 70
 

Wind resource estimation, 409
 
direct use of data, 54
 
method of bins, 55
 
statistical methods, 57
 

Wind rose, 84
 
Wind shear, 44, 131, 159, 175
 
Wind tunnel, 103
 
Wind turbine
 

airfoils, 112
 
blade, 115
 
blade performance, 124
 
blade shape, 121, 131
 
control issues, 388
 
control schemes, 372
 
control systems, 359
 
design, 3,340
 

I
I
I
 

drag machines, 1
 
fixed speed, 370
 
grid-connected01
 
lift machines, II
 
output characteris
 
performance, 31'
 
pitch regulated, :
 
pitch-regulatedC(
 

rotor design, 116
 
stall-regulatedCOl
 

system model, 3~
 

test program, 34i
 
testing, 346
 
topologies, 8, 3It
 
two-speed, 372
 
variable speed, 3~
 

Wind turbine loads, 
Wind turbine noise,
 

aerodynamic, 566
 
broadband, 566
 
generation mechar
 
impulsive, 566
 
low-frequency, 56
 
mechanical, 567
 
mitigation, 571
 
multiple turbines,
 
noise prediction, ~
 

propagation, 570
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I
 

drag machines, 113
 
fixed speed, 370
 
grid-connected operation, 370
 
lift machines, 113
 
output characteristics, 3
 
performance, 314
 
pitch regulated, 373
 
pitch-regulated control, 374
 
rotor design, 116
 
stall-regulated control, 372, 373
 
system model, 386
 
test program, 347
 
testing, 346
 
topologies, 8, 316
 
two-speed, 372
 
variable speed, 370
 

Wind turbine loads, 399
 
Wind turbine noise, 561
 

aerodynamic, 566
 
broadband, 566
 
generation mechanisms, 565
 
impulsive, 566
 
low-frequency, 566
 
mechanical, 567
 
mitigation, 571
 
multiple turbines, 570
 
noise prediction, 568
 
propogation, 570
 

tonal, 565
 
Wind turbine productivity, 54
 
Wind turbines
 

electrical aspects, 246
 
environmental aspects, 547
 
installation and operation, 416
 
visual impact. See Visual impact
 

Wind water pumping, 480
 
electrical pumping, 483
 
mechanical pumping, 480
 

Wind/wave correlations, 474
 
Winding, 222
 
Windmill, 2, II, 113
 
Windmills in Seistan (Persia), 12
 
Windowing. See Power spectral density
 
Worldwide circulation, 25
 
WRIG,250
 
WT]erf, 343
 

Y connected coils, 212
 
Yaw
 

control, 318
 
error, 131, 368
 
motion, 186
 
orientation control, 370
 
stability, 198
 
system, 3, 6, 301
 

YawDyn, 344
 




