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Preface

Growth of wind power during the recent years is highly impressive. Over the past
decade, on an average, the global wind power capacity could be doubled by every
3 years. With the addition of 38 GW in 2009, the total global wind power
installations could reach up to 158.5 GW, registering an annual growth rate of
31.7% during the year. As a result, wind is the fastest growing energy resource in
the world today. Estimates by the Global Wind Energy Council (GWEC) indicate
that this trend would continue during the next decade as well and even under the
moderate growth scenario, the total wind power installations would reach up to
709 GW by 2020, contributing 8.2% of the world’s electricity demand.

One of the major driving forces behind this rapid growth of wind power is the
technological advances in wind energy conversion technology in the recent years.
Wind turbines are getting bigger in size, efficient in performance and reliable even
under adverse working environments. For example, advanced tools in fluid
dynamics have made it easier for us to understand the aerodynamics of the wind
turbines and thereby improve the efficiency and reliability of wind energy
conversion systems. With an insight to the wind regimes characteristics, we could
identify better locations for wind farm installations, yielding higher project
capacity factors. Advanced forecasting methods empowered us to predict the
availability of wind generated electricity even over short time scales, making wind
energy more dependable and despatchable. Similarly, developments in the
electrical and electronics technologies could provide wind turbines with better
generation and regulation systems. Objective of this book is to share some of these
recent advances with the wind energy students and researchers.

The book is divided in to eight chapters. The first chapter describes the aero-
dynamics of wind turbines, specifically applicable for the horizontal axis designs.
At the beginning, the basic aerodynamic issues are discussed which is followed by
the analysis based on the momentum theory. The blade element and the blade
element momentum theories are then introduced followed by the vortex wake
model for HAWTs. The chapter concludes with brief descriptions on advanced
aerodynamic techniques applying Navier–Strokes, Euler and hybrid CFD methods.
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The second chapter focuses on the wind energy resource analysis. Methods for
characterising the wind regimes are explained and performance models for wind
energy conversion systems are described. This is followed by the chapter on the
offshore wind resource estimation which starts with the salient features of the
offshore wind resource. Further, applications of LiDAR, SoDAR, SAR and
scattometers in assessing offshore wind energy potential are demonstrated with
examples from some offshore locations.

The fourth chapter discusses the methods for short term forecast of wind power.
At first, various forecasting techniques are introduced followed by the details of
different models used for the point forecasts. Some of the probabilistic forecast
models are then considered and finally up-scaling of forecasts and evaluation of
forecast quality are discussed.

The next chapter analyses the wind turbine loads under varying operating
con-ditions. A general description of the origin of the loads is first presented to
create the basis for the following load assessment methods and procedures. The
design and certification perspectives of wind turbines are emphasized while
developing this analysis.

The major characteristics, objectives and strategies of the control system of a
wind turbine are described in the sixth chapter. Control strategies to attain
effi-cient, stable and reliable operation of modern wind turbines are described and
the classical control loops for the systematic regulation of the critical operating
vari-ables are analysed. A dynamic model describing the dominant characteristics
of a wind turbine is then introduced.

The seventh chapter discusses the basic issues in integrating the bulk power
available from the offshore wind farms with the electrical grids. The basic
re-quirements for the grid integration are first explained and various grid
connection methods like HVAC, LCC HVDC and VSC HVDC are described.
Alternate inte-gration strategies are also explored and at the end, various grid
integration meth-ods are compared.

The last chapter of the book is devoted to the small wind turbines. The large and
small systems are differentiated with respect to their design and operational
requirements. Emphasis is given on the starting performance, yaw behaviour,
gy-roscopic loads, over speed protection and control requirements.

The chapters of this book are contributed by experts working on different
aspects of wind energy conversion technology. We would like to thank them for
sharing their expertise with the readers through this project.

Sathyajith
Geetha
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Aerodynamics of Horizontal Axis Wind
Turbines

J. Gordon Leishman

List of Symbols

A Area of the turbine disk, m2

a Axial induction factor, vi/V?

Cd Sectional drag coefficient
Cd0 Sectional zero-lift drag coefficient
Cl Sectional lift coefficient
Cla Sectional lift curve slope, rad-1

CP Turbine power coefficient, P/0.5qAV?
3

CT Turbine thrust coefficient, T/0.5qAV?
3

c Airfoil chord, m
F Prandtl tip loss factor
k Reduced frequency, xc/2V?

kx Longitudinal inflow weighting factor
ky Lateral inflow weighting factor
Nb Number of turbine blades
PW Turbine power output, kW
R Radius of turbine, m
Re Chord Reynolds number, qV?c/l
r Position vector of vortex collocation point, m
r Non-dimensional radial position on blade
r0 Non-dimensional blade root cut-out
T Rotor thrust, N
t Time, s
V Velocity vector, ms-1

J. G. Leishman (&)
Minta Martin Professor of Engineering, Department of Aerospace Engineering,
University of Maryland, College Park, MD 20742, USA
e-mail: leishman@umd.edu

S. Mathew and G. S. Philip (eds.), Advances in Wind Energy
Conversion Technology, Environmental Science and Engineering,
DOI: 10.1007/978-3-540-88258-9_1, � Springer-Verlag Berlin Heidelberg 2011

1



Vex Perturbation or external velocity vector, ms-1

Vind Induction velocity vector, ms-1

V? Free stream velocity vector, ms-1

XTSR Tip speed ratio
x, y, z Cartesian coordinates, (m, m, m)
a Angle of attack, rad
c Yaw misalignment angle of turbine, deg
Cv Vortex strength (circulation), m2 s-1

f Vortex wake age, rad
htip Blade tip pitch angle, deg
htw Blade twist rate, deg
j Induced loss factor
k Tip speed ratio, X R/V?

l Viscosity, kg m-1 s-1

m Kinematic viscosity, m2 s-1

q Air density, kg m-3

r Solidity, Nbc/pR
u Induced angle of attack, rad
w Azimuthal angle, rad
X Rotational speed, rad s-1

Abbreviations

BEM Blade Element Momentum
CFD Computational Fluid Dynamics
FVM Free Vortex Method
NWS Normal Working State
TSR Tip Speed Ratio
TWS Turbulent Wake State
VRS Vortex Ring State
WBS Windmill Brake State

This chapter reviews the aerodynamic characteristics of horizontal axis wind
turbines (HAWTs). While the aerodynamics of wind turbine are relatively com-
plicated in detail, the fundamental operational principle of a HAWT is that the
action of the blowing wind produces aerodynamic forces on the turbine blades to
rotate them, thereby capturing the kinetic energy contained in the wind and con-
verting this energy into a rotation of the turbine’s shaft. The captured energy is
transferred through a gearbox to an electrical power generator, which sends the
power into the electrical grid system and so eventually to the consumer.

A HAWT has an axis of rotation that is horizontal to the ground and will
typically have two or three blades that are oriented either upwind or downwind of
the vertical supporting tower. An example of a modern megawatt-capacity com-
mercial HAWT is shown in Fig. 1, which is sited on a wind farm with several
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hundred other turbines. On average, a modern HAWT being installed today for
commercial power generation will typically have an extraction capacity of between
1 and 5 MW. The other type of turbine, the vertical axis wind turbine (VAWT), the
most common of which is the Darrieus turbine [1, 2], has slender curved blades with
the axis of its rotation being vertical to the ground. The aerodynamics of VAWTs
are not discussed here (despite VAWTs having some advantages), mainly because
the type is aerodynamically less efficient, and so it is also less attractive when
scaled-up to the sizes needed for commercial wind power production.

The primary purpose of this chapter is to describe the performance character-
istics of HAWTs from an aerodynamics perspective, outline the fundamentals of
the methods used for their aerodynamic analysis, discuss the effects of key design
parameters on their performance, and show results of typical aerodynamic loads
and power output characteristics. Emerging aerodynamic predictive capabilities
such as Computational Fluid Dynamics (CFD), which will eventually lead to
significantly improved aerodynamic predictive capabilities, are also briefly
discussed. A general goal in this chapter is to expose the unique aerodynamic
problems associated with HAWTs, and to explain why there are still many diffi-
culties in predicting accurately their aerodynamic loads and in estimating their
power output characteristics. In particular, understanding and predicting the effects

Fig. 1 Modern, three-bladed, upwind-type of HAWT on a wind farm (In this case, the wind is
blowing from right to left)

Aerodynamics of Horizontal Axis Wind Turbines 3



of turbulent winds, the developing ground boundary layer, yawed flow effects,
aerodynamic interference with the supporting tower (tower shadow), blade stall
effects, and the influence of the unsteady vortical flow in the downstream wake
behind the wind turbine, are just some of the technical challenges.

In an attempt to economically capture more wind energy, modern HAWTs have
also become much bigger (often over 50 m in diameter). Such design trends have
resulted in longer and much more flexible turbine blades, which can elastically
bend and twist under the action of the aerodynamic and inertial loads. Therefore,
improving the methods of coupling the aerodynamics to the structural dynamic
response of the blades (and also with the support tower) has become an increas-
ingly important engineering goal. In this regard, immediate problems are in
developing suitable aerodynamic models for predicting the unsteady blade airloads
under both attached and stalled conditions, and in tightly coupling these aerody-
namic models with the structural dynamics (e.g., finite-element methods) as well
as with wind models to give more accurate predictions of the loads and aeroelastic
responses of the rotating blades. Only then will the performance characteristics of
HAWTs be predicted as accurately as needed.

Overall, the ability to couple and properly integrate efficacious aerodynamic
models into all other aspects of the design problem (i.e., the structural dynamics of
the rotating blades, wind models, blade pitch and yaw controllers, drive train,
electrical generator, etc.) remains fundamental for the improved design of
HAWTs. To this end, several comprehensive computer models or design ‘‘codes’’
have been developed—see Manwell et al. [3] for a general outline of the
approaches. However, the success of these codes in predicting blade loads and
power outputs from a HAWT is not as good as would be desired. These defi-
ciencies are reflected in a recent ‘‘blind’’ prediction of the loads and performance
characteristics of a comprehensively instrumented HAWT that was tested in a
large wind tunnel—see Fingersh et al. [4]. This experiment has provided an
opportunity to obtain blade loads and power output measurements that are free of
the high levels of uncertainty that are normally present in field experiments, and
has provided a unique database that will help in eventually resolving outstanding
modeling issues. Results from eight of the competing predictive methods in the
blind study are shown in Fig. 2 (which includes several so-called ‘‘advanced’’
aerodynamic methods), and see Simms et al. [5] and Coton et al. [6] for further
details. Clearly, the large spread in the results shown in the figure proves that there
are still significant deficiencies in current modeling capabilities, even when a
HAWT is operating in a steady wind without any yaw error.

It is not unexpected then, that current predictive capabilities for HAWTs in the
field turn out to be as disappointing as these wind tunnel results, and are often
much worse. The consequence has been that unexpected loads have been produced
when wind turbines are sited, leading to structural fatigue problems, reduced
mechanical reliability, compromised power output characteristics, and higher than
desirable operating costs. For these reasons it has historically proven difficult for
HAWTs to compete with other forms of widely available energy sources, espe-
cially fossil fuels such as coal, oil, and gas. There is still a clear need for much
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more foundational research into aerodynamic subcomponent methodologies (and
their interdependent coupling effects) for HAWTs if modeling predictions are to be
improved to the levels that they begin to agree better with the actual loads pro-
duced on HAWTs that are operating in the field.

The last decade, however, has seen many new developments in wind turbine
technology, with several advances in the foundational understanding of the aero-
dynamic flows on turbine blades as well as in other disciplines such as wind
characterization. As a result, the engineering field has now begun to see signifi-
cantly improved predictive capabilities for blade loads and power output charac-
teristics, so achieving better confidence in the ability to design improved HAWTs
with higher aerodynamic efficiency and better mechanical reliability, and all this
while still containing (and even reducing) costs. There is also an incentive to
produce much better engineered wind turbines from the pressures brought on by
the increased social awareness of limited global energy resources and the con-
tinued impact of burning fossil fuels on the environment, including pollution and
the possibilities of global warming. As a result, wind turbines are playing an
increasing role in the generation of net electrical power requirements, with average
power capacity currently increasing at over 20% per annum [7–9]. Growth in the
use of wind energy has been particularly significant in the United States, Germany,
Spain, and India. However, wind energy production still constitutes only a rela-
tively small portion of total world energy demands. This will change in the coming
years as society increasingly focuses on conserving fossil fuels.

1 Basic Aerodynamic Issues

As discussed throughout this book, the design of a HAWT is very much an
interdisciplinary one, and will involve the participation of aerodynamicists,
structural dynamicists, material analysts, meteorologists, these specialists working
along with control system analysts, electrical and electronic engineers, and

Fig. 2 Comparisons of
several predictive methods
versus measurements of
torque output suggest that the
overall capabilities of
predicting the performance of
HAWTs are still in need of
improvement (Results are for
an unyawed, 5-meter turbine
operating in a steady flow in a
large wind tunnel)
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civil engineers. However, the underpinning of the performance capabilities of a
HAWT is its aerodynamic design, i.e., in making design decisions about the
overall size of turbine, the amount and form of the blade twist, the chord distri-
bution or planform shape, the type of airfoil section to be used, the expected loads
and levels of efficiency, maximum required power output, etc. In this regard, the
modeling of wind turbine aerodynamics has spanned the entire spectrum of
traditional rotating-wing analyses, many of them built on (or adapted from) those
used in the helicopter field [10].

The general approach to the aerodynamic modeling of HAWTs is one of
synthesis where the aerodynamics of the composing elements of the problem is
represented by the best available (and hopefully the most thoroughly validated)
mathematical models. These types of analyses range from classical momentum
theory, to models based on Blade Element (BE) and Blade Element-Momentum
(BEM) theories, through to BE models combined with sophisticated unsteady
aerodynamic models and either a Prescribed-Wake or a Free-Vortex Method
(FVM). The resulting component models are then integrated together to predict the
loads and performance characteristics of the wind turbine as a whole. However,
efficacious coupling of all of these models is required; because the coupling
process may not be uniquely defined, different predicted results (e.g., Fig. 2) have
been shown when using essentially the same medley of component models. This
outcome is obviously of major concern to the design community.

While a review of the extensive published technical literature on wind energy
will show that all of the various technical problems of HAWTs have been
addressed in some form or another, it is significant to note than many of the models
used today for their engineering design are built on assumptions rooted firmly in
empiricism. Unfortunately, empirically based approaches are often more post-
dictive than predictive in nature, and such models may be tuned to specific makes
of wind turbines. Because of this shortcoming, they do not offer engineers the most
flexible types of mathematical tools to help design new and better performing
turbines. There are renewed research efforts underway to develop models that are
much less postdictive in nature, such as using vortex wake theories and CFD
models based on numerical solutions to the Euler and Navier–Stokes equations.
As of yet, however, there has been only a limited impact of these types of models
in the design of HAWTs, partly because of higher computational costs and longer
turnaround times, but also because they are not yet accepted as ‘‘validated’’ or
certified design tools. Numerical methods are maturing rapidly and computers
continue to get faster and have more memory, so modern aerodynamic methods
will eventually prevail as an integral part of design practice.

Meantime, an overarching goal for the immediate future must be to progres-
sively improve upon (or remove) known limitations in all forms of predictive
models through continued foundational research, and to reach better confidence
levels in predicting blade loads and turbine performance characteristics through
validation studies with carefully made measurements. Only then will wind energy
reach and maintain a position as an economical source of environmentally friendly
energy production.

6 J. G. Leishman



1.1 Wind Power Density

To size a HAWT to meet the needed energy production requirements, a
prerequisite is to evaluate the energy content of the winds at the proposed location
where the turbine(s) will eventually be sited. This energy content depends on the
geographical location, the average seasonal wind characteristics, the height of
the turbine off the ground, the type of upstream terrain, and other factors such as
the placement of the turbine relative to other turbines or to structures etc. To this
end, detailed wind data must be measured in advance at proposed wind sites (often
over years) so that sufficient information can be gathered to make informed
engineering and economic decisions about the sizing and eventual placement of
the turbines. Obviously, the best sites are those where a significant wind blows, on
average, for much of the year.

The kinetic energy contained in a steady, uniform wind of velocity V? can be
easily evaluated. The mass flow rate will be _m ¼ qV1 per unit area, and so the
kinetic energy per unit area per unit time contained in the wind is

KE

dt
¼ 1

2
_mjV1j2 ¼

1
2
qjV1j3 ð1Þ

This previous result is called the wind power density, and it is equivalent to the
power that could be extracted by assuming that all of the energy available in the
wind could, in fact, be completely extracted by a turbine. For example, with a
typical wind speed of 10 ms-1 (32.8 fts-1) at standard sea level conditions, the
wind power density is

1
2
qjV1j3 ¼ 0:5ð1:225Þð10Þ3 � 0:6 kW/m2 ð2Þ

which is obviously rather modest. This result shows immediately that a HAWT
will have to be relatively large in diameter (or smaller but more numerous) to
extract sufficiently useful amounts of power at economical cost.

As a renewable energy resource, wind is usually classified according to wind
power classes, which are based on typical average wind speeds and wind power
densities. These classes range from Class 1 (the lowest) to Class 7 (the highest).
Most of the economically successful wind farms have been sited in Class 4 areas
and above, which will have wind power densities in the range of 0.4–0.5 kW/m2

when measured at a fixed distance off the ground (typically this is defined as 50 m
or about 164 feet).

Wind turbines can actually extract only a fraction of the available energy in the
wind, even with aerodynamically and mechanically efficient designs, and espe-
cially when operating at sites that may be considered as less than ideal. While a
wind turbine extracts power from the wind, it also consumes some of that power in
the process, which is lost in overcoming the induced and profile losses of the
rotating blades, as well as in losses from mechanical inefficiencies (transmission,
gearbox, etc.). These losses can be minimized only so much through engineering

Aerodynamics of Horizontal Axis Wind Turbines 7



design, and they typically will amount to between 20 and 30% of the maximum
theoretical power extraction.

The average power extraction from the wind, �PW , can be written as the equation

�PW ¼
1
2

qACPgj�V1j3 ð3Þ

where A is the disk area swept out by the blades, CP is a power coefficient
(introduced later), and g is a mechanical efficiency (always less than unity).
Equation 3 assumes that the wind blows consistently (on average) with a speed of
�V1 and it is turbulence-free and of uniform intensity over the plane of the turbine’s
disk. With typical values of CP for a modern turbine reaching close to 0.5 (it will
be shown that the theoretical maximum of CP is 0.593) and g being about 0.90, a
HAWT can extract only about 50% of the available wind energy in a best case
scenario (extracting 20–40% of the wind energy over the course of an average year
is more typical). This does not mean, however, that the machine is only 50%
efficient, because compared to its theoretical ideal performance (see later), a
modern HAWT can be 80% efficient (or more) when it is situated in isolation
without interference from other turbines.

Equation 3 also shows that wind turbines must be located where the wind blows
(on average) at high enough speeds. Even in windier sites (i.e., with Class 5 sites
and above), the economics of wind energy production is such that HAWTs must
usually be placed in farms with tens or even hundreds of other turbines to be
economically attractive, although the placement of just a few large HAWTs
together is not that uncommon in some rural areas. With the size of a modern
commercial turbine for offshore use now reaching to nearly 150 m (492 feet) in
diameter, which may produce up to 10 MW of power, just one large turbine may
be enough to supply the needs of a small town of perhaps up to 2,000 homes.
A technical challenge for the future is to continue to improve upon the perfor-
mance and efficiency of all sizes of wind turbines so that they can operate over
wider ranges of wind conditions at sites that may see lower average wind speeds
(but are less remote and closer to electric grids), and also with greater reliability
and at more economical cost.

1.2 Wind Speed Probability and Average Power

An important consideration in determining the aerodynamic performance of a
HAWT is to recognize that the speed of the wind is never constant, and the wind
also varies spatially and temporally over the turbine’s disk—see Fig. 3. It is known
that uncertainties in wind characterization (such as wind profile and turbulence
content) can lead to a serious under-prediction of the highest expected structural
loads on the turbine blades, the main shaft, support tower, gearbox and trans-
mission system, etc., often leading to the premature failure of one or more of these
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mechanical components. Historically, the reliability of wind turbines has not been
good in this regard. However, over-designing the turbine in an attempt to minimize
loads will significantly drive up the weight of the blades and increase manufac-
turing costs, with the result of making the turbine less economically attractive.

An unsteady (but spatially averaged) wind speed can be modeled using a sta-
tistical probability distribution p(V?), which will be based on long-term wind
speed measurements at the proposed site of the wind turbine. These wind speed
probabilities are usually expressed in functional form by curve-fitting to the
measured data using either Rayleigh or Weibull equations. The simplest form is
the Rayleigh probability equation, which is written as

pðV1Þ ¼
p
2

V1
�V2
1

� �
exp �p

4
V1
�V1

� �2
" #

ð4Þ

where �V1 is the specified average wind speed. This foregoing equation mimics the
behavior of typical wind spectra, but it is not a complete description. Another
representation, the Weibull equation, is a two-parameter equation [3, 11, 12] that
gives a slightly better characterization of actual wind spectra.

With knowledge of p(V?), the power output equation can be written as

PW ¼
1
2

qAg
Z1

0

pðV1ÞCpV3
1 dV1 ð5Þ

After integration, and by assuming in this case the simpler Rayleigh wind speed
probability form in Eq. 4, the average power output becomes

�PW ¼ 3qCPR2 �V3
1 ð6Þ

Fig. 3 A wind turbine
operates in an atmospheric
boundary layer with both
spatial and temporal
variations in wind velocity
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where R is the radius of the turbine disk, and CP can be assumed to be an
average operating power coefficient (although CP will vary with several interde-
pendent operating parameters, as shown later). Equation 6 is often called the
‘‘one-two-three’’ equation, in that it shows that the average power output is pro-
portional to the air density, to the turbine disk radius squared, and to the wind speed
cubed (see also Eq. 3). Notice that the altitude of the site (it may be high on a hill or
plateau) and the air temperature will both affect the density of the air flowing
through the turbine, so its actual power output will change from day-to-day and
hour-to-hour, even with nominally the same probability of wind speed occurrence.

1.3 Wind Speed with Height off the Ground

The effect of the atmospheric boundary layer is to further reduce the average wind
speed over the turbine’s disk and so to reduce the average power output. The
proper consideration of this effect is also important in selecting a site for the wind
turbine, and in determining how high it needs to be placed off the ground to
capture enough wind energy.

The spatial variation of wind speed with height is often modeled using the
standard power law for a time-averaged turbulent boundary layer flow such that

V1ðhÞ ¼ V1ðhrefÞ
h

href

� �1=7

ð7Þ

where href is a defined reference height above the ground, which by convention is
usually taken to be 10 m (32.8 feet). Because Eq. 6 shows that power output
increases with �V3

1, then this means that when operating in the boundary layer the
power output from the HAWT will increase with h3/7. In light of this result, it is
obvious that placing the turbine higher up on a tower will capture more of the
available wind energy. However, this goal must be traded off against several other
issues, including the need to maintain sufficient tower strength and stiffness
(a weight, erection, and cost issue), controlling the structural dynamic response of
a rotor spinning on the top of a tall tower (a stiffness issue), and in the costs of
construction and erection of the tower and the turbine blades at the site (which may
need a large crane and a team of skilled workers).

A better model of the wind profile, the logarithmic law, includes a represen-
tation of a roughness length, z0, representing the effects of the terrain on the
upstream boundary layer development. In this case, the time-averaged wind profile
can be written as

V1ðhÞ ¼ V1ðhrefÞ
ln h

z0

� �

ln href

z0

� �
0
@

1
A ð8Þ
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A representative set of wind profiles derived using this model is shown in
Fig. 4. Standard values of z0 have been defined and are available from several
sources [3, 12], these values helping to account for the effects of trees or buildings
(or any other upstream disturbances) on the evolving wind profile. There are other
types of wind profiles that can be assumed for mountainous or ridge-top sites,
where the terrain will tend to accelerate the wind flow and/or change its overall
characteristics (i.e., it will change both its time-averaged velocity profile and its
turbulence spectra), and also may account for the effects of other turbines that may
be located nearby, i.e., a wake interference or an ‘‘array’’ effect.

1.4 Wake Array Effects

For the economical extraction of wind energy, several HAWTs are usually
arranged together to form a wind farm—see Figs. 1 and 5. A typical farm may
have from tens to several hundred turbines, depending on the energy extraction
capacity needed. It is clear from the photograph in Fig. 5 that the downstream
wake from turbines situated further upwind can affect the flow at the downstream
turbines, typically producing significant distortion and turbulence in the
approaching wind profile. This is called a wake array interference effect, and can
lead to increased blade loads as well as a loss of energy capture.

The optimum placement of wind turbines on a site to minimize these adverse
effects is one of the major challenges in designing an economically attractive wind
farm; losses of up to 20% in capacity are possible from aerodynamic interference
at farms that have small crosswind spacings between adjacent turbines. The total
interference losses also depend on the directionality of the wind. Power losses
from wake array effects are generally found to be less significant in a more
omnidirectional wind compared to one where the wind blows more continuously
from one direction or another, and so in this case the array interference effects are
generally stronger and more persistent.

Fig. 4 Representative, time-
averaged wind velocity
profiles after encountering
different types of upstream
terrain
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An understanding of wake array effects requires an accurate understanding of
the vortical wake downstream of the turbine, and how it ultimately affects the wind
profile and increases the turbulence field as it approaches another wind turbine.
This is a very difficult aerodynamic problem to model, but the motivation for
becoming better at predicting such effects is clear because increased turbulence
levels can lead to significant power output fluctuations and uncertainties in power
production levels, not to mention the generation of undesirable unsteady blade
loads and vibrations and so to the possibilities of decreasing the lives of
mechanical components. For the future, the development of models that better
represent lateral and vertical wind gradients with their appropriate turbulence
contents are needed to better predict the various sources of loads on HAWTs.

1.5 Turbulent Wind Effects on Power

The turbulence characteristics of the wind are just one source of the unsteady loads
that are ultimately produced on the turbine blades. However, turbulence-induced
loads can be severe enough to cause undesirable fluctuations in electrical power
output, as well as structural and drive train problems. Such turbulent wind vari-
ations have been measured at different sites using wind anemometers, and the
acquired data have been developed into statistical models for use in various types
of predictive analyses.

Fig. 5 An offshore farm of wind turbines with their array interference effects being identified by
natural condensation of water vapor in their downstream wakes. Source: Uni-Fly A/S, Vattenfall
windkraft, Erik Slot, BWEA Offshore 08, Westminster, June 4, 2008
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For a first level prediction to estimate the expected effects on power output from
a HAWT, it is usual to represent the wind speed as an average (or mean) com-
ponent �V1 plus a temporal or fluctuating component v(t), i.e.,

V1ðtÞ ¼ �V1 þ vðtÞ ð9Þ

The turbulence intensity Iv is written as a root-mean square of the fluctuating
wind speed, as defined by

Iv ¼
1

�V1

Z T

0
vðtÞ2dt

� �1=2

ð10Þ

where T is the time interval (typically 10 min) over which the turbulence is
measured. In practice, the value of Iv varies between 0.1�V1and 0.3�V1, with the
higher values usually being found only when buildings, trees, or other obstacles
are located upstream. The intensity of Iv also varies with height h above the
ground, and typically decreases away from the ground surface. Furthermore, the
magnitude of Iv is generally found to be larger at low wind speeds than at higher
wind speeds. Because of these significant variations, measurement of actual
turbulence spectra must often be used to better predict expected energy yields at
the sites of proposed wind farms.

If it is assumed that the operating value of the power coefficient CP is not
substantially changed by the wind speed fluctuations during turbulent events, then
an approximation for the power output in a turbulent wind can be found. It has
already been shown that the power output varies with the cube of the wind speed,
so with turbulence included this result becomes

�V3
1 ¼ ð�V1 þ vÞ3 ð11Þ

where the overbar denotes the mean value. Expanding this equation in terms of Iv

gives

�V3
1 ¼ �V3

1 1þ 3I2
v

� 	
ð12Þ

This result leads to the equivalent average power �PW with turbulent wind
fluctuations as

�PW ¼
1
2

qACP 1þ 3I2
v

� 	
�V3
1 ð13Þ

Therefore, with a typical value of Iv = 0.1, only a 3% change in the average
power output from the turbine would be obtained if CP is assumed to be constant.

While the foregoing analysis suggests relatively modest increases in power
output resulting from turbulence in the wind, turbulence levels can still factor into
decision-making about the potential economics of power production from specific
wind farms. Some wind sites will statistically show larger levels of turbulence and
different time-averaged wind velocity profiles than is measured at other sites,
primarily because of the effects of upstream terrain, etc., and these must be factors
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that are properly included into the assessment of overall expected energy pro-
ductivity levels. Turbulence will also be an important factor to consider when
addressing the magnitudes of unsteady blade loads, overall vibration levels on the
turbine and its tower, etc.

1.6 Capacity Factor and Specific Yield

The average power output, say �PW , from all of the factors discussed above
(aerodynamic efficiency, atmospheric boundary layer, wind turbulence, height off
the ground, wake array effects, mechanical and electrical efficiency, etc.) is then
used to derive a capacity factor defined by

Capacity Factor ¼
�PWðh; Iv; p; etc:Þ

Rated power
ð14Þ

This quantity is simply the ratio of the amount of power a turbine actually
produces over a given time to the amount of power it could have produced if the
turbine had operated at its fully rated capacity over that same time, i.e., at the best
levels of expected energy yield and efficiency. However, a more precise mea-
surement of net energy output is the specific yield, which gives the annual energy
output from the turbine in terms of energy captured per unit area of the turbine’s
disk; this quantity is usually measured in kWh per square meter per year.

The accurate prediction of the capacity factor and the specific yield is partic-
ularly important in evaluating the overall economics of proposed wind farms. This
process will include the need to size the turbine(s) appropriately based on the
measured wind statistics at the proposed site [13]. Capacity factors generally need
to be elevated to values of 0.5 or better to make a modern wind farm commercially
viable, so this is where the turbine sizing and its expected power and efficiency
characteristics come into the design and decision making cycle.

However, other factors such as the mechanical characteristics and reliability of
the specific type and design of turbine, along with its maintenance costs, also
enters into the overall economics of suitably locating and operating a wind farm.
Perhaps a less obvious factor is the distance of the wind farm from the main
electrical transmission lines and utility grid. Many suitable windy areas, especially
in the USA, are just too far from the main electrical grid system to allow for the
cost-effective development of wind farms in these areas.

2 Momentum Theory Analysis in Unyawed Flow

The aerodynamic analysis of a HAWT can first be approached by using an
application of the classical ‘‘momentum’’ theory. This theory allows its maximum
(ideal) performance limits to be defined in a uniform wind without turbulence, and
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also gives a first level estimate of the maximum power that could be produced by
the wind turbine for any given wind speed. The momentum theory also forms the
basis for many more advanced approaches used for wind turbine analysis, so the
underlying principles of the theory (including its limitations) must be properly
understood and appreciated.

The momentum theory for the analysis of a rotor system was first developed
during the 1930s, mainly by Lock, Betz, and Glauert, for the analysis of autogiros,
helicopter rotors and ‘‘windmills,’’ but the theory is usually attributed to Glauert
[14, 15]. Because the momentum theory assumes an ideal, inviscid, incompressible
flow, with no losses other than induced losses, it can also be used to determine the
upper limits of energy conversion from the wind by a HAWT, i.e., for the purposes
of defining and measuring its aerodynamic efficiency. The ability to define a
baseline efficiency against which the performance levels of all types of wind
turbines can be measured is clearly fundamental to the process of good engineering
design.

2.1 Flow Model and Analysis

A flow model with the control volume surrounding a HAWT without any yaw
misalignment is shown in Fig. 6. The average wind speed at the tower height is V?

and vi is the average induced velocity (or the ‘‘induction’’ flow) in the plane of
rotation. It is assumed that the velocity is defined as positive when measured in a
downstream direction. Notice also, that because a wind turbine extracts energy
from the flow, the average velocity downstream will decrease and so the wake
boundary must expand to conserve mass flow.

Fig. 6 Flow model used for the momentum theory analysis of a HAWT in normal aligned
(unyawed) flow
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At the plane of the turbine’s disk, the net velocity is V1 � vi. In the far wake
downstream of the turbine, the corresponding velocity is V1 � w. The mass flow
rate, _m, through the disk is

_m ¼ qAðV1 � viÞ ð15Þ

The change in the momentum of the flow across the disk can be related to the
thrust produced on the turbine using

T ¼ _mV1 � _m V1 � wð Þ ð16Þ

Expanding out this equation gives a relationship for the thrust in terms of the
velocity deficit in the wake, i.e.,

T ¼ _mV1 � _mV1 þ _mw ¼ _mw ð17Þ

The power output from the HAWT can now be obtained by conducting an
energy balance. The turbine, assuming no sources of viscous losses at this point,
must extract all of the work done on the flow to reduce its downstream kinetic
energy. The energy thus extracted goes into providing useful work at the shaft but
also in overcoming aerodynamic losses, which in this present level of analysis are
all induced losses. The work done by the air on the turbine per unit time, _W is
given by

_W ¼ 1
2

_m V1 � wð Þ2� 1
2

_mV2
1 ¼

1
2

_mw w� 2V1ð Þ ¼ � 1
2

_mw 2V1 � wð Þ ð18Þ

Notice that the HAWT ‘‘brakes’’ the flow and decreases its kinetic energy, and
so the turbine extracts some of this energy per unit time (i.e., the power output); for
obvious reasons this operating condition is known as the windmill brake state or
WBS. The power output from the turbine is positive and so

PW ¼ T V1 � við Þ ¼ 1
2

_mw 2V1 � wð Þ ð19Þ

Substituting Eq. 17 into Eq. 19 gives

1
2

_mw 2V1 � wð Þ ¼ _mw V1 � við Þ ¼ _mw V1 � w=2ð Þ ð20Þ

It is apparent then, that in the ideal case vi and w are related such that w = 2vi

or vi = w/2. Furthermore, from mass conservation considerations the wake
expands downstream as it is slowed down by the turbine; clearly it will expand to a
value that depends on the induced velocity and, therefore, on the thrust (and power
output) and overall operating state of the turbine.

Notice that for the assumed flow model in Fig. 6 to be valid, then V? – w [ 0
or alternatively that V? C |w| C 2|vi|. If this condition is violated, then two pos-
sible flow directions can exist, upstream and downstream, and so the wake
boundary in this condition must expand beyond the limits defined by the edges of
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the turbine’s disk. In this condition, a unique control volume is more difficult to
define, in part because the flow naturally becomes somewhat unsteady (aperiodic).
This operating condition is called the Turbulent Wake State (TWS), and the flow
eventually progresses into the Vortex Ring State (VRS) as the wind speed is
decreased. In the VRS, the average induced flow closely matches the wind speed,
thereby making the flow very prone to recirculation, three-dimensionality, and
unsteadiness in the disk plane. In either the TWS or the VRS, the flow model that
has been assumed in Fig. 6 is invalid, and no exact solutions to the performance of
a HAWT can be found using the momentum theory. Without empirical correction
then, this is a fundamental limitation to the Glauert/Lock theory.

2.2 Thrust and Power Coefficients

The thrust and power coefficients for a wind turbine, CT and CP, respectively, can
now be formally defined. The thrust coefficient is defined conventionally in terms
of the wind speed and swept area of the turbine’s disk such that

CT ¼
T

1
2 qAV2

1
ð21Þ

and the corresponding power coefficient is defined as

CP ¼
PW

1
2 qAV3

1
ð22Þ

It is also conventional to define a non-dimensional inflow or induction ratio a as
the independent parameter such that a = vi/V? or that vi = aV?. The thrust
variations and power output can then be established as functions of a. For example,
using Eq. 19 with Eq. 15 and expanding out gives

CP ¼
2qAðV1 � viÞ2vi

1
2 qAV3

1
¼ 4ðV1 � viÞ2vi

V3
1

¼ 4ð1� aÞ2a ð23Þ

The relationship in Eq. 23 is shown graphically in Fig. 7 and, as previously
mentioned, is strictly valid only for 0 B a B 1/2 to avoid violating the flow model
that has been assumed in Fig. 6. It will be apparent that the larger the value of the
induction, a, the more the flow is slowed as it passes through the turbine. However,
notice also that the peak power coefficient is not achieved when the flow is being
slowed down by the most amount, a result perhaps initially counterintuitive.

The thrust coefficient can also be expressed in terms of a. Using Eq. 15 then

T ¼ _mw ¼ qAðV1 � viÞw ¼ 2qAðV1 � viÞvi ð24Þ
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so that the thrust coefficient becomes

CT ¼
2qAðV1 � viÞvi

1
2 qAV2

1
¼ 4ðV1 � viÞvi

V2
1

¼ 4ð1� aÞa ð25Þ

which is also shown in Fig. 7. Notice further that CP = (1 - a)CT in this case.
Alternatively, solving for a for a given (assumed) value of CT (or CP for that
matter) by rearranging Eq. 25 gives the quadratic

4a2 � 4aþ CT ¼ 0 ð26Þ

The valid solution (i.e., the one that does not violate the assumed flow model) is

a ¼ 1
2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� CT

p
for CT � 1:0 ð27Þ

This result gives the relationship between the thrust on the turbine and its average
inflow (or induction) for ideal operating conditions (i.e., only induced losses).

2.3 Wake Expansion

The wake expansion downstream of the turbine can now be calculated. Based on
continuity considerations, the mass flow is constant within the control volume, so
referring to Fig. 6 gives

qAðv1 � viÞ ¼ qA0ðV1 � wÞ ¼ qA0ðV1 � 2viÞ ð28Þ

so that

A0

A
¼

1� vi
V1

1� 2vi
V1

¼ 1� a

1� 2a
ð29Þ

Fig. 7 Momentum theory
solution for a HAWT in
unyawed flow as a function of
the induction ratio. Thrust
and induction measurements
derived from several
published sources
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In the case where the turbine produces no thrust, then a = 0 and A0 /A = 1 and
the flow travels unimpeded through the turbine’s disk. At the peak power condition
(at a = 1/3 as shown in Fig. 6) then A0/A = 2. In the limiting case where a = 0.5,
then the wake downstream of the turbine ultimately expands to infinite cross-
section, but this is not the most efficient operating state for energy extraction.

2.4 Turbulent Wake and Vortex Ring States

A result also shown in Fig. 7 is an empirical one for CT in the range 1/2 B a B 1
(i.e., turbulent wake state or TWS, which progresses to the vortex ring state or
VRS)—see the discussion of this important point made by Glauert [16] and
Lock [17]. Eggleston and Stoddard [11] and other authors give various empirical
curves for a [ 1/2, but a parsimonious curve (as also shown in Fig. 7) is

CT ¼ 4ða� 1Þaþ 2 for 2�CT � 1 ð30Þ

Clearly, there is much uncertainty and scatter with the so-called ‘‘measured’’
data in this TWS and VRS regime, and there is no universal engineering consensus
about the most appropriate curve to fit to the available measurements—see Burton
et al. [12] and Buhl [18] for a more detailed discussion. In any case, it should
always be remembered that while Eq. 30 and other such equations mimic the
average flow velocity (or as far as flow velocities can be determined indirectly
from power and thrust measurements), they are not rigorous representations of the
induction velocity in the VRS or TWS. In fact, they are only spatially and tem-
porally averaged approximations to the average flow velocity in these complex
operating regimes. Further details of the flow state in the TWS and the VRS are
discussed later.

3 Momentum Theory Analysis with Yaw Misalignment

The out of wind (i.e., yaw misalignment) performance of the wind turbine is of
fundamental importance in the process of design. HAWTs will operate much of
the time with some amount of yaw misalignment to the relative wind, mainly
because of temporal lags in the mechanics of yaw tracking. If the turbine is not
pointed directly into the wind, then the velocity normal to the disk plane is reduced
by a factor V? cos c, where c is the yaw misalignment (or error) angle—see Fig. 8.
If the power coefficient for a given operating state is assumed to stay constant
(although it generally does not and will decrease somewhat—see next), then
according to Eq. 2 the power output from a HAWT will drop at least by cos3c.
This result shows that for a yaw misalignment of only 20�, the power output from
the turbine decreases by about 20% at a minimum.
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Therefore, it is clear that accurately controlling the orientation of the turbine
relative to the wind direction is extremely important. Control must be performed
through appropriate design, such as by using a downwind type of HAWT that will
naturally want to weathervane into the wind, or by using an anemometer-based
control device that senses changes in the wind speed and its direction and then
drives a servo-motor to point the turbine more accurately into the wind. With the
latter method, however, a primary problem is in measuring both the magnitude and
direction of the wind, and also in turning the turbine sufficiently rapidly to achieve
a better average yaw alignment. Larger turbines also have considerable rotational
inertia and high gyroscopic forces, so it takes considerable torque and a finite time
to re-orientate the turbine to a change in the wind direction.

The main problem, however, is that any form of yaw misalignment will be a
source of high unsteady loads resulting from the in-component of wind velocity
that is now produced in the plane of rotation (i.e., from the component V? sin c).
The subsequent unsteady airloads on the rotating blades can contribute to reducing
mechanical reliability and may also lead to transients in the power output from the
HAWT, neither of which is acceptable from an operational standpoint.

3.1 Flow Model and Analysis

A momentum theory flow model of wind turbine with a yaw misalignment angle c
is shown in Fig. 8. In this case, the turbine operates with components of flow
velocity that are both perpendicular and parallel to the plane of rotation. Following
Glauert [16], in this case the resultant flow velocity is defined as

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV1 cos c� viÞ2 þ ðV1 sin cÞ2

q
ð31Þ

Fig. 8 Flow model for the momentum theory analysis of a HAWT in yawed (misaligned) flow
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The justification for this approach is based on the need for any yawed flow
theory to reduce to the previous momentum theory results for unyawed flow. The
net mass flow rate through the turbine is then

_m ¼ qAU ð32Þ

The application of the conservation of momentum to the flow through the
defined control volume gives

T ¼ _mV1 cos c� _m V1 cos c� wð Þ ¼ _mw ð33Þ

The power output from the HAWT in this case is

PW ¼
1
2

_m V1 cos c� wð Þ2� 1
2

_mV2
1 cos2 c ¼ 1

2
_mw w� 2V1 cos cð Þ

¼ � 1
2

_mw 2V1 cos c� wð Þ
ð34Þ

Again, using the result that vi = V?a, gives the thrust coefficient in the yawed
case as

CT ¼ 4a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcos c� aÞ2 þ sin2 c

q
ð35Þ

and the corresponding power coefficient is

CP ¼ 4a cos c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcos c� aÞ2 þ sin2 c

q
¼ CT cos c ð36Þ

Results are shown in Figs. 9 and 10 for various yaw misalignment angles. It is
obvious that the theoretically attainable maximum power coefficient drops quickly
with increasing yaw angle (see also Fig. 11), and that the operating conditions for
maximum power coefficient also change. Notice that in the yawed case, the
validity of these solutions will now be restricted to the condition that a B 0.5 cos c
to avoid the possibility of violating the assumed flow model shown in Fig. 8.

Fig. 9 Momentum theory
solution for the thrust
coefficient of a HAWT in
misaligned yawed flow in
terms of the induction ratio
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This means that the validity of these solutions become increasingly restrictive for
larger yaw misalignment angles, and so placing further limits on the general
applicability of the momentum theory at higher wind speeds, and certainly in its
practical use without any modifications or empirical correction.

4 Maximum Wind Energy Conversion Efficiency

Because both the thrust and power coefficients on a HAWT are functions of the
induction factor, a, it is useful to find the operating condition for maximum power
output. Clearly, the foregoing results from the momentum theory analysis shows
that this condition is obtained without any yaw misalignment angle. Therefore,
differentiating Eq. 23 with respect to a gives

dCP

da
¼ 4ð1� 4aþ 3a2Þ ¼ 0 ð37Þ

Fig. 10 Momentum theory
solution for the power
coefficient of a HAWT in
misaligned yawed flow in
terms of the induction ratio

Fig. 11 The maximum
power coefficient of a HAWT
in misaligned yawed flow
drops off quickly for larger
yaw misalignment angles
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for a maximum. By inspection, this condition is met when the wake induction
factor a = 1/3 in unyawed flow conditions, and the corresponding values of CT

and CP are 8/9 and 16/27, respectively (see Fig. 7). This operating condition is
called the Betz–Lanchester limit; see Glauert [14, 15] and Bergy [19]. It gives the
upper theoretical limit to the operating condition of a HAWT such that it can
extract the most amount of energy relative to the energy content of the wind when
it blows at a given speed, assuming no viscous or other losses other than ideal
induced losses.

Notice from Figs. 10 and 11 that the effects of yaw misalignment are to change
the condition for the peak power coefficient, although these conditions would not
necessarily be used as design points. Notice also that at the peak performance
operating condition (a = 0.5 in unsaved condition) the wake area expansion is

A0

A
¼ 1� a

1� 2a
¼ 1� 1=3

1� 2=3
¼ 2 ð38Þ

Therefore, in this case the downstream wake expands to twice the area of the
turbine’s disk. This issue of the downstream wake behavior is considered again
later in this chapter.

5 Representative Power Curve for a HAWT

By now it will be apparent that the simple momentum theory does not allow a
prediction of the overall power characteristics of a wind turbine at all speeds and at
yaw misalignment angles. Therefore, to proceed any further first requires an
examination of the actual measured output characteristics for a HAWT as a
function of wind speed. A representative such power curve is shown in Fig. 12 for
a variable speed turbine, which is one of the most common types of HAWT.
Notice that no power is produced below a so-called ‘‘cut-in’’ wind speed; this is
because of the need to overcome various types of losses, including aerodynamic,

Fig. 12 Representative
power output versus wind
speed curve for a HAWT
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mechanical, and electrical losses with the generator. This characteristic means that
a minimum wind speed is needed before the turbine will begin to rotate steadily,
and so before any useful power is generated. After power is being produced, the
output from the turbine increases rapidly with the cube of the oncoming wind
speed, as would be expected according to Eq. 6.

Notice from Fig. 12 that the measured power curve then flattens out and
approaches a limit; this limit is known as its rated power output. Power limiting is
introduced by design and is always needed on a HAWT so that its rotational speed
never exceeds values that might cause structural failure (i.e., avoiding a cata-
strophic over speed or ‘‘runaway’’ condition), or that the power being extracted
stays below the rated capacity of the electrical generator and so not overload it.

One way of controlling the power output is to change the blade pitch angles
(i.e., feathering), thereby controlling the driving aerodynamic forces being gen-
erated on the blades. Alternatively, some form of mechanical or aerodynamic
brake (such as spoilers) can be used to limit power output, but such devices would
normally be activated only at very high wind speeds.

Representative power coefficient versus wind speed curves for constant rota-
tional speed (variable pitch) and variable rotational speed types of HAWTs are
shown in Fig. 13. Notice that the variable speed type can operate efficiently over a
wider range of wind speeds and can exhibit more efficient energy extraction at the
lower wind speeds. The disadvantage of this type of HAWT, however, is that its
aerodynamic efficiency decreases at the higher wind speeds, although such a
characteristic is also desirable in that it eventually serves to automatically regulate
the power output and prevents an overspeed condition.

For engineering analysis, the power curve for a wind turbine is usually plotted
in a derived form as a power coefficient CP (which has already been introduced)
versus a non-dimensional wind speed parameter known as the tip speed ratio
(TSR), XTSR. The TSR is defined as

XTSR ¼
turbine tip speed

wind speed
¼ XR

V1
ð39Þ

Fig. 13 Representative
power coefficient versus wind
speed curves for constant
rotational speed (variable
pitch) and variable rotational
speed types of HAWT
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Notice that the value of XTSR will change through either variations of wind
speed and/or with variations in turbine speed. For the results of the constant
rotational speed turbine shown in Fig. 13, the corresponding airpower CP versus
XTSR curve is shown in Fig. 14 when correcting the power output measurements
for a 90% electrical/mechanical conversion efficiency (i.e., assuming g = 0.90).
In this case, the measured aerodynamic efficiency is seen to reach a peak that is
almost 85% of the theoretical maximum that can be extracted from the wind by an
ideal HAWT (i.e., one defined by the momentum theory solutions).

6 Blade Element Model for a HAWT

The foregoing results have shown the general flow characteristics of the power
output from a HAWT and the momentum theory has exposed the maximum
possible aerodynamic efficiencies under certain operating conditions. However,
the simple momentum theory does not have the capabilities to predict the power
curve as a function of wind speed because the operating state of the turbine (i.e., its
thrust) must somehow be defined, and this value is generally not known a priori.
The simple momentum theory also does not have the means to explain how to
design the shape of the blades, or how to set their pitch angles to achieve the
condition for the most useful (or most efficient) power generation.

These limitations can be circumvented to a large extent by the use of blade
element (BE) methods coupled with inflow models that can predict the spatial
distribution of ‘‘induction’’ flow velocities across the plane of the turbine’s disk.
Included in this category of methods is the blade element momentum (BEM)
theory. Incorporating estimates for the airfoil characteristics, along with the
induction velocities in the BE method, allows the blade loads and performance
characteristics of the HAWT to be estimated over a wide range of operating
conditions. The main advantage of the blade element theories, in general, is that
they allow the ready examination of the effects of the primary design variables

Fig. 14 Representative
airpower coefficient versus
tip speed ratio curve for a
constant rotational speed
HAWT
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(i.e., blade twist, blade planform, number of blades, airfoil sections, etc.) on energy
extraction as a function of wind speed, blade pitch, tip speed, etc.

Needless to say, the potential flexibility offered by the BE- and BEM-based
models have allowed them to be built up over the years into sophisticated engi-
neering design tools, and they can also be coupled (with some additional effort) to
structural dynamic models of the blades and the support tower. Typical compre-
hensive models of this type are embodied in the well-known computer codes
AERODYN [20], BLADED [21], and ADAMS [22]. While these types of models
have demonstrated many good predictive capabilities, they also have several
intrinsic limitations in their aerodynamic fidelity and improvements are still
needed.

6.1 Flow Model and Analysis

Initially, consider the BE theory and how the general analysis of a HAWT leads to
a requirement for some mathematical representation of the induction velocities to
fully solve the problem of predicting the blade loads and the power output. It will
be shown later how this limitation is overcome to some extent with the use of the
BEM model, which allows the spatial distribution of the induction velocity over
the turbine’s disk to be determined as part of the solution process.

As shown in Fig. 15, the local pitch angle of the blade element is h so that the
angle of attack at the blade element is a = h ? u where u is called the inflow
angle. The blade pitch is often measured from the position of full feathering (with
the blade pointed directly into wind), but the convention used makes no difference
to the final results. The physical effect of the inflow (or induction) angle is clear, in
that the induction velocity modifies the direction of the resultant flow and so alters
the angle of attack at each blade element. It will be apparent from Fig. 15, that it is
the integrated effect of the forward inclination of the lift vector at each blade
section that provides the necessary torque to drive the turbine and so produce a
useful power output at its shaft.

Assume that the swirl component in the flow near the turbine and its wake is
small and can be neglected. The resultant incremental lift dL and drag dD per unit
span on the blade element are

dL ¼ 1
2
qU2cCl dy ð40Þ

and

dD ¼ 1
2
qU2cCd dy ð41Þ

where Cl and Cd are the airfoil section lift and drag coefficients, respectively, and
the resultant flow velocity, U, is approximately Xy. At each blade element, the lift
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dL and drag dD will act perpendicular and parallel to the resultant flow velocity,
respectively. Notice that the quantity c is the local blade chord, which will usually
vary along the span on any modern HAWT. Wake swirl may be included into U,
although this component is generally small and it is also hard to calculate accu-
rately without invoking several other assumptions about the flow developments in
the wake. In any practical sense, the contribution to the airloads from in-plane
swirl can be considered as small, except perhaps if the blades operate near stall or
at low tip speed ratios or other off-design conditions.

In Fig. 15 it is shown how the aerodynamic forces can be resolved perpen-
dicular (into a thrust on the turbine, T) and parallel to the turbine’s disk plane (the
source of the torque and power output, PW) giving

dFz ¼ dL cos /þ dD sin / ð42Þ

and

Fx ¼ dL sin /� dD cos / ð43Þ

Fig. 15 Blade element model for a HAWT operating in axial (unyawed) flow
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The contributions to the thrust, shaft torque, and power output of the turbine are thus

dT ¼ Nb dFz ð44Þ

dQ ¼ Nby dFx ð45Þ

dPW ¼ NbXy dFx ð46Þ

where Nb is the number of blades comprising the turbine. Furthermore, notice that
unless the turbine is yawed with respect to the wind and that there is no wind shear,
the aerodynamic environment is (ideally) axisymmetric, and the airloads are
independent of the blade position relative to the shaft (i.e., its azimuth angle).

Substituting the results for dFx and dFz from Eq. 42 and Eq. 43 gives

dT ¼ NbðdL cos /þ dD sin /Þ ð47Þ

dQ ¼ NbðdL sin /� dD cos /Þy ð48Þ

dPW ¼ NbðdL sin /� dD cos /ÞXy ð49Þ

Applying small angle simplifications to the preceding equations gives

dT ¼ NbðdLþ /dDÞ ð50Þ

dQ ¼ Nbð/dL� dDÞy ð51Þ

dPW ¼ NbXð/dL� dDÞy ð52Þ

The incremental thrust coefficient on the turbine blades is then

dCT ¼
NbdL

1
2 qAV2

1
¼ Nbc

pR

� �
Xy

V1

� �2

ðCl þ /CdÞ dr

¼ rX2ðCl þ /CdÞ dr

ð53Þ

where r = y/R, r = Nbc/pR is the local or chord solidity of the turbine, and
X = Xy/V? is the local section speed ratio. It will be apparent that the local
section speed ratio can be written as

X ¼ Xy

V1
¼ XR

V1

Xy

XR

� �
¼ XTSRr ð54Þ

Therefore, the incremental thrust coefficient becomes simply

dCT ¼ rX2
TSRðCl þ /CdÞr2 dr ð55Þ

Typically, the product uCd is also small (Cd will typically be two orders of
magnitude smaller than Cl when the blade operates in attached flow), so that the
previous equation can be simplified to

dCT ¼ rX2
TSRClr

2 dr ð56Þ
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Proceeding in a similar manner to find the incremental power output coefficient
dCP gives

dCP ¼ rX3
TSR /Cl � Cdð Þr3 dr ð57Þ

although in this case uCl is not small compared to Cd. It will also be apparent that
the inflow angle can be written as

/ ¼ tan�1 V1 � vi

Xy

� �
� V1 � vi

Xy
¼ V1 � aV1

XR

� �
XR

Xy

� �
¼ 1� a

r XTSR

� �
ð58Þ

6.2 Solving for CT and CP

In practice, the values of CT and CP can be solved by numerical integration, i.e., by
numerically solving the equations

CT ¼
Zr¼1

r¼1

dCT and CP ¼
Zr¼1

r¼1

dCP ð59Þ

However, it will be seen from the forgoing development of the BE equations,
that to accurately calculate the values of CT and CP, the spanwise variation in the
wake induction ratio, a must be predicted too, along with providing a represen-
tation of the blade section aerodynamic force coefficients Cl and Cd in some form.
Predicting both the wake induction and the blade section aerodynamic charac-
teristics are both difficult problems, in general, although various mathematical
approximations and numerical techniques may be used.

In the first instance, a can be related analytically to CT by using Eq. 27.
However, this assumes uniform inflow over the disk, a questionable assumption
that will limit the ability of the BE theory to produce sufficiently accurate pre-
dictions of spanwise blade loads as a function of the design variables. Even with
uniform inflow assumptions, the integrated power predictions are usually found to
be in reasonable agreement with measurements, at least for conditions without
blade stall, so the value of this approach for design purposes is not completely lost.
However, for detailed design and loads predictions, the wake induction factors
must be represented with sufficient fidelity such that the spanwise air-loads along
the blades (and also their temporal variations) can be predicted more accurately.

7 Blade Element Momentum Theory for a HAWT

The Blade Element Momentum (BEM) theory has a significant advantage over
the basic BE theory in that it allows the distribution of the induction factor along the
blade span to be predicted from first principles, albeit still with several
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inherent assumptions. The BEM theory is a differential extension of the simple
momentum theory that was discussed previously, and invokes the fundamental
equivalence between the local circulation and momentum theories of lift. After the
induction factor is determined using the BEM theory, then the loads and perfor-
mance can be obtained following the same foundational principles of the BE theory.

The primary value of the BEM theory at a fundamental level is that it allows for
a good understanding of the effects of varying geometrical and aerodynamic
parameters on the overall performance characteristics of a HAWT, and without
making ad hoc or otherwise empirical approximations about the magnitude and/or
the distribution of the induction factors across the plane of the turbine’s disk. More
importantly, the BEM method helps in the determination of the blade shapes
needed for maximum power generation at a given operating condition, hence
better guiding the choices involved in design.

The principle of the BEM theory is based on satisfying a combination of a
momentum balance on successive annuli of the turbine’s disk with a blade element
representation of the sectional aerodynamics. This approach implicitly assumes
that the spanwise loading gradients are small, a reasonable assumption to make
except at the tip and root of the blades. Just like the simple momentum theory, the
BEM theory may also be restricted in terms of its applicability to certain ranges of
wind speeds and to certain operating states of the turbine. In particular, and again
just like the simple momentum theory, the BEM theory becomes increasingly
invalid when the turbine is operating under yawed conditions, or when operating in
the TWS or VRS. While the BEM theory includes several further inherent
approximations and limitations, its validity may be extended with the use of
certain empirical correction methods. When brought to this level, the value of the
BEM theory to the engineer for the design of HAWTs has been fairly well
established through correlation studies with measured loads and power output
characteristics.

7.1 BEM Flow Model and Analysis

Referring to Fig. 16, the mass flow over an annulus of the turbine is

d _m ¼ qdAðV1 � viÞ ¼ 2pqðV1 � viÞy dy ð60Þ

so that assuming the validity of the differential form of Eq. 24, the incremental
thrust on the annulus is

dT ¼ 2q V1 � við ÞvidA ¼ 4pq V1 � við Þviy dy ð61Þ

In coefficient form (again with r = y/R) this is simply

dCT ¼ 8 1� vi

V1

� �
vi

V1
r dr ¼ 8ð1� aÞar dr ð62Þ
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This latter equation integrates to the correct result for CT as given by the simple
momentum theory in Eq. 25 under the assumption that the induction ratio, a, is
constant over the turbine’s disk, i.e.,

CT ¼
Z1

0

8ð1� aÞar dr ¼ 4ð1� aÞa ð63Þ

The results for the differential momentum and blade element approaches can
now be equated to get

dCT ¼ 8ð1� aÞar dr ¼ rX2
TSRðCl þ /CdÞr2 dr ð64Þ

thereby formally linking together the momentum and circulation theories of
aerodynamic lift.

The next step is to relate Cl and Cd to the angle of attack of the blade sections.
This can be done using a conventional ‘‘look-up’’ procedure from a set of tables of
measured airfoil characteristics. However, a convenient and useful simplification
of the equations at this point is obtained by recognizing that Cl/Cd is generally
large and that the product uCd is generally very small, so giving the thrust as

dCT ¼ rX2
TSRClr

2 dr ð65Þ

without much loss of accuracy in the normal (windmill) state of operation. Fur-
thermore, in the first instance the flow can be assumed to be fully attached to the
blades, so that the relationship between Cl and a is linear, i.e.,

Cl ¼ Cla h� a0 þ /ð Þ ð66Þ

Fig. 16 Flow model used for the BEM analysis of a HAWT
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where u is given by Eq. 58, and where a0 is the zero-lift angle of attack of the
airfoil used at that blade section. Then, in this case, the lift coefficient becomes

Cl ¼ Cla h� a0 þ
1� a

rXTSR

� �
ð67Þ

Using this latter result (and assuming a0 can be absorbed into h if it is defined
with respect to the zero-lift angle) gives

8 ð1� aÞ a ¼ rX2
TSR Clr ¼ rXTSR ClaðXTSRhr þ ð1� aÞÞ ð68Þ

After further manipulation, this equation can be expressed in the form

a2 � rXTSRCla

8
þ 1

� �
aþ rXTSRClaðXTSRhr þ 1Þ

8
¼ 0 ð69Þ

where the induction factor, a, is the unknown. This equation has the solution

aðr;XTSRÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rXTSRCla

16
þ 1

2

� �2

�rXTSRClaðXTSRhr þ 1Þ
8

s

þ rXTSRCla

16
þ 1

2

� � ð70Þ

Equation 70 is valid for the range 0 B a B 0.5; for higher values of a (con-
sidered later) the turbine approaches the TWS and then the VRS, for which no
form of the momentum theory can give a rigorous solution to the actual flow state,
a point explained previously.

Notice that Eq. 70 now allows the induction factor a to be solved for as a
function of radial position on the blade for any given blade pitch, magnitude and
distribution of blade twist, chord variation, and airfoil section distribution (through
Cla and a0). After the induction factor is obtained, the thrust and power from the
turbine may then be found by integration across the disk using

CT ¼ rX2
TSR

Z1

0

Clr
2 dr or CT ¼ 8

Z1

0

ð1� aÞar dr ð71Þ

and

CP ¼ rX3
TSR

Z1

0

ð/Cl � CdÞr3 dr ð72Þ

Notice that the first term represents the contribution of the lift forces on the
blades that act to drive the turbine and produce a useful power output. In other
words, the extraction of power from a HAWT depends on the ability of the blades
to generate efficient lift forces over appropriate ranges of angles of attack. The
second term is a profile power loss, which is a result of pressure forces and viscous
shear drag contributions acting on the blades.
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Furthermore, notice that while a greater blade area Ab (= rA) will increase the
power output from the turbine (all other factors being equal), a greater blade area
also increases profile losses and so can reduce the turbine’s efficiency.

7.2 The Optimum HAWT: Ideal Blade Twist and Taper

There are several points of interest in Eq. 70. One is the distribution of blade twist
that results in a uniform value of the induction factor over the turbine’s disk, and
so the condition for the best efficiency in energy extraction (i.e., what is assumed
by the simple momentum theory). It will be apparent that for a given tip speed
ratio this condition can only be obtained if the product hr = constant, which, by
analogy with helicopter rotors and propellers, is known as ideal twist, i.e.,
h(r) = htip/r. This form of hyperbolic blade twist will always give the lowest
levels of induced losses on the turbine blades and, therefore, the best levels of
energy extraction from the wind.

Notice that the form of the distribution of blade twist for maximum efficiency is
independent of tip speed ratio, but that the magnitude of the needed twist does
depend on the tip speed ratio (i.e., the amount of twist given to the blade and not
just its form will affect the range of wind speeds and/or tip speeds over which the
turbine can operate most efficiently). It has already been shown using the simple
momentum theory that the average induction velocity is equal to 1/3 at the con-
dition for maximum energy extraction from the wind. For variable pitch turbine
blades, this result allows Eq. 70 to be solved for the blade pitch at any given tip
speed ratio (or wind speed for a given blade tip speed) to reach the condition of
maximum possible energy extraction.

Another point of interest in this development is that Eq. 67 shows that if
rectangular blades are used on the turbine then the distribution of lift coefficient
over the blade becomes high inboard, and so energy extraction will be non-optimal
(i.e., the local sectional lift-to-drag ratios will not be at or near to their best values)
and the broadest range of attainable efficiencies will eventually be limited by the
onset of blade stall. If the blade is hyperbolically twisted to give uniform induction
(i.e., with a being constant) then the spanwise distribution of lift coefficient is

Cl ¼ Cla
htip

r
þ 1� a

rXTSR

� �
¼ Claatip

r
ð73Þ

where atip is defined as the angle of attack at the blade tip. Clearly, a rectangular
blade will operate at higher lift coefficients at the inboard sections and will begin
to more readily stall there, and so higher profile losses will be incurred compared
to those otherwise be achieved without stall.

Control over the sectional lift coefficients (and hence the lift-to-drag ratios of
the blade sections) can be achieved by using changes to the planform shape,
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although this must be done while also striving to maintain uniform inflow. From
Eq. 65 that the thrust per unit span along the blade is

dCT

dr
¼ rX2

TSRClr
2 ð74Þ

which is constant in the ideal case, i.e., the thrust varies linearly across the blade
from zero at the rotational (shaft) axis and reaches a maximum at the blade tip.
(Notice that it is easily shown that a linear thrust distribution is exactly equivalent
to a uniform circulation distribution along the blade span). This result means that
with ideal blade twist and minimum induced losses the grouping r Clr

2 must be
constant at any given tip speed ratio, i.e.,

r
Claatip

r

� �
r2 ¼ r Cla atip r ¼ r Cl r ¼ constant ð75Þ

If the lift coefficient is to be prescribed as constant, say at the appropriate value
that will achieve the best lift-to-drag ratio of the airfoil sections, then the only way
this condition is satisfied is if rr = constant and the local solidity is varied as

r ¼ rtip

r
ð76Þ

Equivalently, the chord along the blade span must be varied as

ctip ¼
ctip

r
ð77Þ

which, of course, like the required twist distribution for optimum levels of output
efficiency, is also of hyperbolic form.

Most commercial HAWTs use both hyperbolic blade twist and hyperbolically
tapered blade planforms (or close approximations to these shapes) to help min-
imize aerodynamic losses on the blades and so to maximize the wind energy
extraction and overall efficiency of the turbine. This type of blade design also
gives the advantage of keeping the values of Cl inboard on the blade from
operating too close to stall, and thereby keeping flow separation and increases in
profile drag from limiting energy extraction efficiencies over a wider range of tip
speed ratios.

The main benefit of blade taper, however, is that by getting more of the blade to
operate at its best average lift-to-drag ratios, the profile losses on the blades will
be minimized and power output maximized. In this regard, the behavior of the lift-
to-drag ratio for the S809 airfoil is shown in Fig. 17, where it can be seen that the
best lift-to-drag ratios are obtained only over a relatively small range of angles of
attack (about a 4� spread). Hence, the importance of operating the turbine
‘‘on-design’’ near its maximum efficiency through not only its ‘‘optimum’’ blade
shape design but also through precise pitch control at the appropriate wind speeds.
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8 Understanding Operational Interdependencies

It is clear that the BEM theory gives considerable insight into the design factors
affecting loads and power output performance that are not available from simple
momentum theory solutions. For example, the power output equation can now be
expanded to give

CP ¼ rX3
TSR

Z1

0

/Clr
3 dr � rX3

TSR

Z1

0

Cdr3 dr ð78Þ

Proceeding further using the previously derived result for the inflow angle
(Eq. 58) that

/ ¼ 1� a

r XTSR

ð79Þ

and for the incremental thrust on the blade element (Eq. 65) that

CT ¼ rX2
TSRClr

2 dr ð80Þ
and if it is also assumed that Cd ¼ Cl0 Cd ¼ Cd0 then the power output coefficient
becomes

CP ¼ rX3
TSR

Z1

0

/Clr
3 dr � rX3

TSR

Z1

0

Cd0 r3 dr

¼ XTSR

Zr¼1

r¼0

/ r dCT �
rX3

TSR

4
Cd0

¼
Zr¼1

r¼0

ð1� aÞdCT �
rX3

TSRCd0

4

ð81Þ

Fig. 17 Sectional lift-
to-drag ratios for the S809
airfoil at two chord Reynolds
numbers
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In the ideal case, where a is uniformly distributed over the disk, then this
equation becomes

CP ¼ CTð1� aÞ � rX3
TSRCd0

4

¼ 4ð1� aÞ2a� rX3
TSRCd0

4

ð82Þ

where the first term will now be recognized as the correct result for the power
output as derived from the simple momentum theory. In this case, the maximum
power coefficient of CP = 0.593 is recovered from Eq. 82 when a = 1/3 and
Cd0 ¼ 0. In the real case, where a is non-uniformly distributed over the disk (and
also Cd0 > 0), then this latter equation can be written as

CP ¼ CTð1� jaÞ � rX3
TSRCd0

4
ð83Þ

where j C 1 and accounts on average for an induced inflow that is higher than the
ideal at any given operating condition. Typically, j will be of the order of 1.1–1.2,
and so the power output from the turbine will be reduced by some 10–20% relative
to the ideal. The second term in Eq. 83 (which comes from the BE theory) depends
on the blade area (solidity) and the drag coefficient of the airfoil section(s) com-
prising the blades, and acts to further reduce the power output. Notice that this
second (profile) term can be written in dimensional form as

P0 ¼ �
1
2
qAV3

1
rX3

TSRCd0

4

� �
¼ �qAðXRÞ3 rCd0

8

� �
ð84Þ

where the negative sign indicates an energy loss relative to the ideal (no loss),
which in this case is from the cumulative effect of the profile drag contributions on
the rotating blades. Furthermore, it will be apparent that this energy loss is pro-
portional to the cube of the blade tip speed, hence the importance of minimizing
the tip speed of the turbine (all other factors being equal) to maximize its energy
extraction and operating efficiency.

Representative performance characteristics for a HAWT (as predicted by the
BEM theory) are shown in Figs. 18, 19, and 20 for blades with ideal twist when
operating at different blade pitch angles. From these results, the power coefficient
at a fixed rotational speed can be derived for different wind speeds. For variable
pitch blades, a series of power coefficient curves can then be determined over a
range of pitch angles and wind speeds, and the envelope of peak operational
efficiency is then determined. This outcome would be the desired operating
envelope for the turbine in the best-case scenario.

Several interesting (and fairly general) characteristics of a HAWT can be
observed from these results. On one hand, it can be seen that the use of shallow
blade pitch angles allows for good energy extraction over a significant range of
wind speeds. On the other hand, clearly neither large positive nor negative pitch
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Fig. 18 Representative
thrust produced on a HAWT
as a function of tip speed ratio
using the BEM theory for
various pitch angles (only
ideal induced losses included)

Fig. 19 Representative
power output produced from
a HAWT as a function of tip
speed ratio using the BEM
theory for various pitch
angles (only ideal induced
losses included)

Fig. 20 Representative
power output from a HAWT
for airfoil sections with
different assumed viscous
drag coefficients as a function
of tip speed ratio using the
BEM theory (non-ideal losses
included, but without tip
losses)
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angles allow for efficient power extraction. Hence, the importance in matching
precisely the blade pitch to the wind speed to maximize the energy capture. Recall
that the BEM theory is strictly valid only for local induction values in the range
0 B a B 0.5, so the power curves cannot be defined for all wind speeds and at all
blade pitch angles unless empirical results are used to correct the basic theory (see
later).

Figure 20 shows how the power output from a HAWT depends on the viscous
drag of the airfoils used on the blades. As already shown using Eq. 82, achieving
the best aerodynamic efficiency and the maximum energy extraction favors airfoils
with lower average drag coefficients, all other factors considered constant. At the
Reynolds numbers encountered on HAWTs most airfoils tend to have drag coef-
ficients in the range 0.01 B Cd0 B 0.02 unless their surface finish is further
degraded by erosion, dead insects, frost, etc. (see later). Some airfoil sections are
more sensitive to these effects than others, and so any expected sensitivity on
airfoil lift and drag coefficients must be accounted for when estimating the effi-
ciencies and potential power output of HAWTs. Overall, profile losses tend to
reduce energy capture from a HAWT by about a further 10% when compared to
the theoretical ideal.

9 Introducing Non-ideal Effects and Tip Losses

The physics of the rollup of the blade tip vortices and the non-uniform induced
flow in the wake downstream of the turbine produces ‘‘non-ideal’’ induced losses
that cause non-uniform spanwise gradients in aerodynamic loading near the tips of
the blades. These non-ideal effects increase the average induction velocity at the
turbine, and so act to increase induced losses and decrease energy extraction
efficiency. In fact, the combined effects of higher induced flow acts to both
decrease the thrust on the turbine and also to decrease its power output.

One clearly identifiable source of these higher induced losses is from ‘‘tip loss,’’
which is a loss that arises from the formation of the trailing vortex at the blade tips.
Because most of the power generated by the turbine actually comes from stations
out toward the blade tip, these tip loss effects must be modeled very accurately on
HAWTs to avoid inaccurate power output predictions.

Unfortunately, tip loss effects are difficult to compute without resorting to
vortex theory or some other more advanced aerodynamic method (see later).
However, in the first instance tip loss effects can be approximated within the
context of the BEMT by using the Prandtl tip loss correction method. Prandtl’s
correction can account, albeit approximately, for a finite number of blades, and
also for variations of blade planform and twist through the effect on the local
inflow angle. The result is expressed in terms of a correction factor F to the change
in momentum over the annulus of the disk such that Eq. 62 now becomes

CT ¼ 8Fð1� aÞar dr ð85Þ
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where

F ¼ 2
p

� �
arccosðexpð�f ÞÞ ð86Þ

and where the exponent f is given in terms of the number of blades and the radial
position of the blade element r by

f ¼ Nb

2
1� r

r/

� �
¼ Nb

2
1� r

1� a

� �
XTSR ð87Þ

If blade root losses are also to be modeled (from the finite cut-out where the
blade attaches to the hub), then the corresponding equation for f is

f ¼ Nb

2
r � r0

1� a

� �
XTSR ð88Þ

where r0 represents the root cut-out distance. With the incorporation of tip and root
loss effects into the BEM theory, the equation for the induction factor becomes

aðr;XTSR;FÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rXTSRCla

16F
þ 1

2

� �2

� rXTSRCla XTSRhr þ 1ð Þ
8F

s

þ rXTSRCla

16F
þ 1

2

� � ð89Þ

Because F is not known a priori, Eq. 89 must be solved iteratively. Notice that
even in the case of ideal blade twist, the values of a will be larger on average than
those obtained without tip loss effects, and so tip loss is a contributor to deter-
mining the net value of j in Eq. 83.

Notice that the numerical processes to solve Eq. 89 when including Prandtl tip
losses will fail if

rXTSRCla XTSRhr þ 1ð Þ
8F

� �
[

rXTSRCla

16F
þ 1

2

� �2

ð90Þ

This artifact of the numerical solution further limits the range of wind speeds
and operating conditions over which the BEM theory can be considered valid.
To some extent, this problem can be circumvented if the relationship between the
induction flow and thrust produced is represented empirically for values of
a [ 0.5. This, however, assumes the validity of a differential equivalence of
Eq. 30. In this case, the solution is

aðr;XTSR;FÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rXTSRCla

16F
þ 1

2

� �2

� 1
2
� rXTSRCla XTSRhr þ 1ð Þ

8F

� �s

� rXTSRCla

16F
� 1

2

� � ð91Þ
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which can be considered valid for the extended range of 0.5 \ a B 1.0. However,
it should be understood that the solution here is based on an underlying assumption
that an empirically derived result developed from total thrust and power mea-
surements also applies to a differential blade element. Nevertheless, in light of the
reasonably good results obtained when compared to measurements and predictions
made by more sophisticated methods such as the free-vortex method (FVM), this
type of correction to the BEM theory seems appropriate. Caution, however, should
be exercised in that the applicability of such a correlation may not be universal.

Representative examples of the predicted spanwise thrust and power distribu-
tions along the blade using the BEM method are given in Figs. 21 and 22,
respectively. The FVM (see later) is used in this case as the basis for comparison.
The results are compared at a constant total value of thrust on the turbine. Notice
that the use of the Prandtl tip loss method gives a good approximation to the lift
distribution at the blade tip compared to what would be obtained by using the
standard BEM theory without any tip losses. While the power output tends to be

Fig. 21 Representative
spanwise distribution of blade
thrust using the BEM and
free-vortex methods

Fig. 22 Representative
spanwise distribution of
power using the BEM and
free-vortex methods
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under-predicted in magnitude when using the BEM, the overall agreement of the
spanwise form of the loading with the FVM results is actually quite good.

Representative results showing the separate effects of Prandtl tip losses and the
viscous drag contributions to power output is shown in Fig. 23. Notice that both of
types of losses tend to decrease the power output (and so decrease turbine effi-
ciency), a point previously discussed. Taken together, in this case these effects
comprise about a 15% loss of efficiency from the turbine relative to the ideal,
which is fairly close to the measured performance levels of modern HAWTs at the
conditions that do not involve any blade stall (see also Fig. 14).

10 Induction Factors in Yawed Flow Operation

While it is often convenient to think that a HAWT operates with the wind direction
normal to its plane of rotation, this condition is never achieved in practice and
there is always some yaw misalignment angle, c, to the wind flow—see previously
in Fig. 6. This effect manifests as a wind velocity component V? sin c that is
parallel to the plane of rotation, thereby leading to a time-varying in-plane velocity
component at the blade elements and so generating unsteady aerodynamic forces.
Furthermore, a skewed wake is now produced downstream of the turbine’s disk,
which induces an inflow gradient. While these induction gradients are particularly
important parallel to the direction of the wake skew, a small lateral induction
gradient may also be produced in response to the asymmetric aerodynamic loading
that now occurs over the disk. Clearly, any increase in the non-uniformity of the
inflow will increase induced losses and so reduce power output.

While the origins of this induction gradient lie in the detailed structure of the
down-stream wake and its resulting induced velocity field, several simplified
mathematical models for the effects have been derived, mostly following the
development of so-called ‘‘linear’’ inflow models for helicopter rotor applications.
Snel [23] gives a review of the basic approach.

Fig. 23 Turbine power
output as a function of TSR
showing the separate effects
of viscous drag and tip losses
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The idea is to correct the value of the average induction ratio, aav, predicted
from the BEM theory by using an equation of the form

acðr;wÞ ¼ aavð1þ KsðcÞr sin wþ KcðcÞr cos wÞ ð92Þ

where ac is the ‘‘corrected’’ azimuthal value of the induction ratio. This correction
technique changes the values of the induction based on the yaw misalignment
angle, and an iterative series of momentum balances are conducted at each of the
blade elements until the values for ac converge.

The values of Ks and Kc that have been used in design practice have been
derived using various different assumptions and methods, including actual inflow
measurements that have originated from subscale HAWTs tested in wind tunnels.
For instance, the skewed cylindrical vortex wake model of Coleman et al. [24] has
been used in some forms of analyses to calculate the Ks coefficient—see Burton
et al. [12]. Several experiments have also been made to measure, not just the first
harmonic, but also the higher harmonic inflow coefficients—see Schepers [25] for
further details.

Predictions of the induction gradient achieved with this method when integrated
into the BEM theory are shown in Fig. 24. Despite the somewhat crude assump-
tions and relative simplicity of the approach, there is seen to be good agreement in
the results from the inflow model with the FVM. It would appear, therefore, that if
these inflow effects are properly accounted for, then improvements in the pre-
diction of the loads under yawed operations using the BEM theory seem possible,
at least for small yaw misalignment angles. Nevertheless, the approach of ‘‘cor-
recting’’ the induction ratio in this manner is not rigorous because it violates some
of the principles under which the BEM theory equations were derived in the first
place.

Engineering approaches based on vortex theory are probably the next best
practical level for modeling accurately the induction velocities over the disk of a
HAWT in a more general operational condition.

Fig. 24 Representative
results of the lateral induction
over the turbine’s disk as
predicted using BEM and
free-vortex methods
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11 Airfoils for HAWTS

Even if the induction over the plane of the turbine’s disk can be predicted accu-
rately, the issue of determining power output is still not solved because a math-
ematical description of the airfoil section’s force characteristics is also needed.
These characteristics are generally nonlinear functions of angle of attack, and in
some cases they may show significant Reynolds number dependencies. Static
airfoil characteristics can be incorporated into the BE and BEM theories using a
look-up table of measured force (and moment) coefficients, or by using another
strategy such as curve-fitting to measured data, where in either case the mea-
surements come from airfoil section tests made in the wind tunnel. The further
modeling of unsteady effects on the aerodynamic response, however, including
dynamic stall, is a much more difficult problem.

Like most types of rotating-wing machinery, the choice of airfoil section is
clearly fundamental to the resulting efficiency and operational success of any
HAWT. There have been many different types of airfoils used for HAWTs; a
catalog of airfoil sections that may prove suitable has been compiled by Miley
[26]—see Fig. 25 for just three airfoil shapes. There are, however, some special
considerations in the design, selection, and modeling of the characteristics of
airfoil sections for different types of HAWTs—see Tangler [27, 28]. Many airfoils
designed for commercial-size turbines have their origin in standard NACA airfoils
such as the NACA 4-digit series, which have been shown to give good levels of
aerodynamic performance with low drag at the blade chord Reynolds numbers
typical of those found on HAWTs.

Fig. 25 Examples of airfoil sections that have been used for HAWTs: a NACA 4415, b LS(1)-
0417, c NREL S809
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Representative 2-dimensional airfoil characteristics are shown in Fig. 26 for the
S809 section. Because a turbine can operate with stall over some range of opera-
tional wind speeds, modeling the stall and post-stall airfoil characteristics will need
special attention over that previously assumed in the development of the BEM
theory; this is especially important if the turbine is of the stall-regulated type.
The accurate modeling of Reynolds number effects on the aerodynamic charac-
teristics will be important to predict accurately the blade loads and power output
from the turbine. Because the local Reynolds number also varies significantly from
section to section along the blades, then in the previous equations used in the BE
and BEM theories it should be recognized that Cl = Cl (a, Re) and Cd = Cd (a, Re),
where Re is the local chord Reynolds number. Unlike helicopter rotors and airplane
propellers, compressibility effects are too low on HAWTs to have significant effects
on the airloads.

Changes in effective Reynolds number as a result of surface finish or normal
erosion on the blades is also an important consideration in airfoil selection and
performance predictions. The normal operation of HAWTs in the low atmosphere
tends to cause the progressive abrasion of the otherwise smooth surface finish of
the blades when they leave the factory. The additional accumulation of dirt and

Fig. 26 Representative
aerodynamic characteristics
for the S809 airfoil at several
different chord Reynolds
numbers
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dead insects or other foreign matter can act to further degrade levels of airfoil
performance (i.e., producing higher drag and lower lift) and so reducing the
aerodynamic efficiency and lowering the power output from the turbine—see
Clark and Davis [29] and Eggleston [30]. The NASA LS-1 airfoil—see Fig. 25b—
has been used on some HAWTs because of its known insensitivity to surface
contaminants compared to some other airfoils.

For variable blade pitch or feathering turbines, the airfoil sections are generally
designed to generate high values of maximum lift coefficient to avoid stall, while
also producing good values of lift-to-drag ratios over a fairly wide range of angle
of attack operation. The blade pitch control system on the turbine can be used to
adjust the average operating angles of attack so that the best efficiency can
obtained over a wide range of wind speeds, and hopefully up to the maximum
rated power values. For fixed pitch stall-controlled HAWTs, however, the airfoil
section(s) must be specifically designed to produce flow separation and stall onset
at lower values of lift coefficient, and then to maintain a reduced value of lift over
a further range of angle of attack with minimal increase in drag. One such
example, in fact, is the NREL S809 airfoil, which has been previously discussed.
Notice from Fig. 26 that the nonlinear range for the S809 airfoil starts at quite a
low angle of attack. The lift coefficient then stays relatively constant for some
range of angle of attack as trailing edge flow separation develops and the sepa-
ration point stabilizes on the airfoil. This pre-stall flow separation helps regulate
the power output from the turbine without significantly reducing its efficiency.
Complete stall then occurs after the section reaches about 15� of angle of attack.

Representative results of power output from a HAWT showing the effects of
nonlinear blade section aerodynamics and the effects of stall in particular, are given
in Fig. 27. Notice that after peak efficiency is attained, a further increase in the wind
speed tends to cause the power output to drop precipitously. This result is consistent
with measured power output characteristics of HAWTs, and illustrates again the
need for developing good mathematical descriptions of the airfoil section behavior
in both the stalled and post-stalled operating regimes. However, the inherent dif-
ficulties of representing accurately 3-dimensional highly nonlinear aerodynamics

Fig. 27 Representative
turbine power output as a
function of TSR showing the
effects of blade stall.
Measurements courtesy of
NREL
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using a knowledge only of 2-dimensional sectional aerodynamics will always limit
the predictive confidence obtained with BE methods. While several ‘‘correction’’
methods have been proposed, attempts to ‘‘reverse engineer’’ the 3-dimensional
blade section aerodynamic characteristics from measured power curves it, is a
process fraught with many issues and is certainly not one to be recommended

12 Vortex Wake Models for HAWTS

The motivation for developing better and more flexible mathematical models to
describe the wake induced inflow or induction is now perhaps clearer, in that the flow
at a HAWT is generally 3-dimensional and unsteady. Furthermore, there are oper-
ating conditions where the momentum and BEM theories fail, at least on a funda-
mental level without empirical correction. A significant source of the 3-dimensional
induction is from the downstream vortical wake system. For example, a visualiza-
tion of this wake is shown in Fig. 28. The blades produce significant lift forces at
their maximum power output conditions, so the turbine wake is comprised
of helicoidal like vortices that trail downstream from the tips of each blade.

Fig. 28 Photograph of the vortical wake behind a downwind type of HAWT rendered visible
using smoke injection from smoke ‘‘bombs’’ placed at the blade tips (photo courtesy of NREL)
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It is the strength and positions of these vortices that define much of the resulting
induction field. Because a HAWT extracts energy from the wind, the helicoidal
wake is seen to expand downstream of the turbine, a point previously discussed. The
downstream wake may also distort because of the wind gradient, turbulence, or the
yaw misalignment angle of the turbine, these factors all further complicating the
problem of predicting the wake structure and so in predicting the resulting induction
velocities in the plane of the turbine’s disk. While flow visualization results showing
the detailed wake structure that may exist downstream of a HAWT under different
operating conditions is rather limited, a survey of nearly all known results is given by
Vermeer et al. [31].

Calculating accurately the induction velocities from the downstream wake
system requires a method that can represent the strengths (circulation) and spatial
locations of the vortical elements that are trailed by each blade. This problem can
be tackled (albeit still approximately compared to the overall complexity of the
flow problem) by using vortex methods. These are methods based on the
assumption that the wake vorticity is lumped into discrete, singular vortex fila-
ments. The fundamental idea of a discretized vortex model applied to the wake of
a HAWT is shown in Fig. 29. From the resulting strengths and positions of these
vortex filaments (the determination of which requires the proper coupling to the

Fig. 29 Modeling the
downstream wake of a
HAWT using a vortex
filament method, with
discrete vortex filaments
shown trailing from the tips
of each blade
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blade lift and its circulation distribution), the induction field can then be obtained
through the application of the Biot–Savart law. While a disadvantage of all types
of vortex methods for modeling the downstream wake is their relatively higher
computational overhead compared to BEM methods, they do provide an inherently
more appealing physical approach for modeling the wake than with the rather
more crude prescription of the induction using inflow (or dynamic inflow) models.

Vortex methods are usually categorized into either ‘‘prescribed’’ or ‘‘free’’
vortex filament techniques. A prescribed vortex filament technique is where a
discrete representation is made of the vorticity field, but the downstream positions
of the vortical elements are specified a priori based on semi-empirical rules—see
the methods developed by Kocurek [32], Robison et al. [33] and Coton [34].
Prescribed vortex methods use experimental measurements of wake geometries for
formulation purposes, so they have only a postdictive capability. Developing more
generalized prescribed wake models for HAWT applications requires data from a
much wider range of test conditions, and a trade-off must be drawn between the
costs of collecting such data versus any net gains that might eventually be
achieved in a resulting modeling effectiveness, computational speed, and in pre-
dictive capability. Prescribed wake models are also limited in that they are
unsuitable for application to unsteady flow conditions, which is by far the most
common flow state in which a HAWT operates. While prescribed vortex wake
models continue to be used in some types of design work (as are BEM methods),
they are progressively being replaced by free-vortex models.

12.1 Governing Equations

Free-vortex methods are based on a discretized, finite-difference representation of
the governing equations for the wake behavior and, when properly solved, track
the actual evolution of discrete vortex filaments through the flow field under the
imposed flow and operating conditions [35]. Unfortunately, the vortex wake
tracking process is memory intensive and computationally much more demanding
than when using BEM methods. However, with the computational speeds available
today, the approach is well within the bounds of being practical for routine design-
type performance evaluations.

The derivation of the FVM assumes an inviscid flow field in which case the
Navier–Stokes equations can be reduced to the form

Dx~

Dt
¼ ðx~ � r~ÞV ð93Þ

Under the further assumptions of an incompressible and irrotational flow,
vortex lines will convect with the fluid particles, so that the rate of change of the
position vector of an element on a vortex filament (i.e., a discrete wake marker) is
equal to its local velocity. With these assumptions, Eq. 93 reduces to a simpler
convection equation. However, the positions of the wake markers are a function of
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both the blade position and the time it was trailed into the wake. This means that
the convection of the wake can be described by the equation

drðw; fÞ
dt

¼ Vðrðw; fÞ; tÞ; rðt0Þ ¼ r0 ð94Þ

where w is the azimuthal position of a blade defined from a reference datum, and f
is the time (or ‘‘age’’) of the vortex filament since it was trailed into the wake; see
Fig. 29. The vector r represents the position of a marker lying on a vortex filament
that is trailed from any blade located at an azimuth w at time t, V is the local
velocity of that marker, and r0 is the initial position vector. If t0 denotes the time
when the vortex element was first formed and the blade was located at (w - f),
i.e., (w - f) = Xt0. Because w = Xt, then f = X(t - t0). Equation 94 can be
written in terms of w, f and X as [36, 37]

drðw; fÞ
dt

¼ X
orðw; fÞ

ow
þ orðw; fÞ

of

��
ð95Þ

In blade fixed coordinates, this latter equation can be written as the partial
differential equation

orðw; fÞ
ow

þ orðw; fÞ
of

¼ VðrÞðw; fÞ
X

ð96Þ

The velocity term on the right-hand side of the above equation is the sum of the
free stream velocity V?, any external sources of perturbation Vex, such as the
atmospheric boundary layer, turbulence in the wind, etc., and the wake induction
Vind. Therefore, V in totality can be written as

V ¼ V1 þ Vex þ Vind ð97Þ

The induction velocity term, Vind, is a highly nonlinear function of the spatial and
temporal locations of the wake vortices, which must be computed using the repeated
application of the Biot–Savart law to all of the filaments. This calculation comprises
most of the computer expense in solving any type of vortex wake problem. The left-
hand side of the governing equation can be solved numerically using finite differ-
ence approximations, for which there are various schemes available—see Leishman
et al. [35], Bhagwat and Leishman [38] and Gupta and Leishman [39].

12.2 Linking to the Blade Solution

One further problem is that the free-vortex wake method must also be supplied
with boundary conditions that relate the lift (i.e., the bound circulation) on the
blades to the strengths (i.e., the trailed circulation) of the vortex filaments. This is
usually done by using a lifting line or a lifting surface model, for which there are
several types of possible implementations. The vortex wake may also be linked to
a CFD solution for the blade aerodynamics (see later), thereby forming a so-called
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‘‘hybrid’’ wake scheme. In fact, it is here that the application of CFD methods may
make a more significant shorter-term impact on wind turbine design.

In a typical lifting line approach, the blade span is divided into discrete spanwise
segments. A bound vortex is placed along the 1/4-chord of the blades, and control
points are located the 3/4-chord; the bound circulation and lift are assumed to be
constant over each segment. This circulation is then uniquely determined by
imposing flow tangency at the control points. Because of the unequal bound vortex
strengths on the adjacent segments, circulation must be trailed between each seg-
ment; the strength of each trailer is equal to the difference between the bound vortex
strengths of any two adjacent segments. This near wake is typically truncated at
some small distance behind the blade. A connectivity between the near wake and
the rolled-up tip vortex is made by assuming that the vorticity outboard of the
maximum bound vorticity over the blade span forms a tip vortex of strength Cv.
The tip vortex can be released at the blade tip or at the appropriate centroid of
vorticity. After the blade inflow and lift distribution has been determined consis-
tently with the vortex wake solution, the thrust and power on the turbine can be
calculated using the conventional BE approach, as previously outlined.

12.3 Representative Results from the FVM

Representative examples of time-accurate FVM wake calculations are shown in
the set of Fig. 30 for a two-bladed HAWT operating in a steady wind of different
speeds. The predicted wake structure and the corresponding time-averaged
streamtraces are shown for a blade pitch angle of htip = 4�. At 2 ms-1 the turbine
operates in the VRS—see Fig. 30a. As previously explained, this is an operating
state where the BEM model breaks down because under these conditions the flow
can potentially proceed in multiple directions (i.e., simultaneously both down-
stream and upstream) at the plane of rotation, and so the wake boundary must
extend beyond the geometric limits encompassed by the turbine’s disk. The flow
under these conditions also tends to become more aperiodic in that the wake has a
slightly different structure during each revolution of the turbine. The corre-
sponding streamtraces at a wind speed of 2 ms-1 clearly shows a form of flow
recirculation region near the turbine’s disk.

At a wind speed of 2.5 ms-1 the turbine operates more in what would be
classified as a turbulent wake state or TWS—see Fig. 30b. Here, the flow recir-
culation zone moves downstream somewhat, and a significant mixing region exists
in the downstream wake. Of course, the actual ‘‘turbulence’’ in the flow per se is
not modeled in the FVM, but the predicted flow state is still representative of this
operating condition.

At a wind speed of 4 ms-1 (XTSR = 8.33) the wake is more stable (and periodic),
but for the last wake turn of the tip vortices interact to produce a form of aperiodic
behavior. The corresponding streamtraces show the wake expansion region and then
a wake contraction where the wake becomes aperiodic.
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At higher wind speeds (lower values of TSR), the vortex wake structure now
becomes almost perfectly helicoidal—see Figs. 30d–f; the streamtraces in this
case pass smoothly through the turbine and the resulting patterns are consistent
with the flow models previously assumed by using the momentum theory
approaches. The maximum expansion of the wake (corresponding closely to the
conditions for maximum power extraction, which is when the approximate average
induction is 1/3) is obtained for XTSR = 6.66 in this particular case. For the highest

Fig. 30 Top view of the wake geometry and the time-averaged streamtraces behind a HAWT for
various tip speed ratios for blades with ideal twist and htip = 4 deg
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wind speeds the wake is periodic and almost purely helicoidal, but the wake
expansion reduces and so the power output from the turbine decreases.

Figure 31 shows the comparison of the predicted variation of power coefficient,
CP, versus TSR from the BEM analysis and the FVM calculations for a blade tip
pitch angle of 4�. As the TSR is increased, an optimum tip speed ratio is reached
where the power coefficient reaches its maximum. For the BEM method with no
viscous losses, a maximum theoretical power coefficient of 0.593 is obtained,
which corresponds to the Lanchester–Betz limit in ideal flow. When tip losses and

Fig. 30 (continued)
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profile losses are included into the calculations, the maximum CP is reduced, as
would be expected. In this case, the maximum CP is achieved for a TSR of around
5.75, and this agrees with the predictions made by the FVM. From the BEM theory
results, clearly the addition of tip losses causes significant change in the predicted
power output, whereas the addition of the viscous losses does not significantly
reduce power output in this case. For low values of TSR, there is no significant
difference in the predicted power with and without viscous losses in the FVM
calculations. The addition of viscous losses, however, reduces the power output at
moderate to high values of TSR.

The overall agreement between the predicted power coefficient from the FVM
and the BEM theory is seen to be very good for low values of TSR. As the TSR is
increased further, however, the TWS and the VRS are encountered, and predic-
tions become more difficult for the BEM to handle. The BEM results shown here
include the correction for a [ 0.5 as given by Eq. 30, despite its empirical origin.
The variation of the thrust coefficient with TSR is almost linear—see Fig. 32.
Again, the BEM method and the FVM predictions are seen to be in good agree-
ment up to a TSR of 6. For higher values of the TSR, the modified BEM theory
with the inclusion of tip losses also breaks down, and in fact the BEM generally
does not converge for blades sections near the tip where the induction ratio
becomes larger. The BEM method also generally underpredicts the thrust coeffi-
cient here, hence showing a fundamental limit to this type of theory.

13 Unsteady Aerodynamic Effects on HAWTS

Unquestionably, HAWTs operate in a relatively unsteady flow environment for
much of their time—see Robinson et al. [40], Huyer et al. [41], Schreck et al. [42],
and Leishman [43]. The airloads on each blade element vary in time because of
yawed flow, gradients and shear in the ambient wind, turbulence, blade flapping
and bending, vibratory displacements, and other factors such as tower shadow

Fig. 31 Comparison of the
variation of the predicted
power coefficient with tip
speed ratio for htip = 4�
using the BEM and FVM
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(a transitory phenomenon where the blades pass through the downstream wake of
the support tower). In the yawed (out of wind) case, the component of the wind
speed produced in the plane of the turbine (V? sin c) results in unsteady aero-
dynamic excitation that is a multiple of the number of blades. Because of the
relatively low rotational velocity of HAWTs (they will turn at about 20 revs per
minute on large turbines up to about 800 revs per minute on small turbines) and
their low tip speeds, gusts in the wind speed (and turbulent fluctuations) can result
in significant changes in the angles of attack at the blade element level.

13.1 Reduced Frequency

A quantification of the degree of unsteadiness of the flow at a HAWT can be
performed using the reduced frequency, k. While many flow disturbances or
unsteady aerodynamic events may be transient or aperiodic in nature, it is con-
venient to characterize unsteady problems, in terms of the k parameter. Because of
the typically low rotational velocities of HAWTs, perturbations at the blade ele-
ments may experience quite high effective values of reduced frequency, and
especially so when moving inward along the blade from its tip; reduced fre-
quencies exceeding 0.1 are not untypical and considerably higher effective reduced
frequencies will be associated with more transitory events such a tower shadow.
Only for k \ 0.05 can the flow be assumed to be steady, or at least quasi-steady.
The analysis of unsteady flow problems is considerably more difficult than if
steady flow was assumed in the formulation, and requires the consideration of
unsteady effects on the blade as well as in the downstream wake.

13.2 Unsteady Airfoil Theory

Representing the unsteady aerodynamic effects at the blade sections is a difficult
problem for which there are no exact mathematical solutions that can be easily

Fig. 32 Comparison of the
variation of the predicted
thrust coefficient with tip
speed ratio for htip = 4�
using the BEM and FVM
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included into the BE method. However, there are several approaches that can
be used to make assessments of the changes to the magnitudes and phasing of
the aerodynamic response resulting from unsteady flow conditions. In fact, the
‘‘classical’’ unsteady aerodynamic theories describing the observed behavior have
formed the basis for models used in rotating-wing analyses, including helicopter
and wind turbine applications—see Leishman [10] for a summary.

While the classical theories assume linearity in the airloads, this assumption can
probably be justified a good number of the conditions of practical interest on
HAWTs. Advanced CFD solutions to unsteady airfoil problems have shown the
validity of these linearized theories, but also have exposed their fundamental
limitations. Compressibility effects do not need to be included for HAWT prob-
lems, so such unsteady aerodynamic models can be used in considerably more
simplified forms than would be needed for helicopter problems.

Overall, it has been shown throughout the literature on the subject that incor-
porating some basic representation of unsteady aerodynamic effects in the aero-
dynamic simulation of the HAWT generally gives better results for blade loads and
power output than if no representation of these effects were to be included at all.
However, any such models must be used with considerable care, appreciating that
only time-domain simulations will have the best flexibility to deal with the types of
aperiodic flow problems that are found on HAWTs.

13.3 Dynamic Stall

The excursions in angles of attack seen at the blade element on a HAWT in yawed
flow operation are often large enough to produce some form of blade stall.
As previously mentioned, the power output from a HAWT can also be regulated
deliberately by promoting blade stall, either by pitch regulation or through suitable
airfoil design. However, stall generally has a deleterious effect if it occurs at other
operating conditions because it will adversely affect blade loads and also signifi-
cantly decrease power output.

As a result of the generally unsteady flow environment at the blades on a
HAWT, the stall when it occurs is rather dynamic in nature and so is normally
referred to as dynamic stall—see Fig. 33 for a schematic of the process. Dynamic
stall manifests as a welcome delay in the onset of flow separation to higher angles
of attack than occurs under static conditions, but this is then followed by abrupt
and less than welcome catastrophic flow separation from the leading edge region
of the airfoil (or blade section). This separation is quickly followed by the for-
mation of a concentrated vortical flow that is then swept over the airfoil section by
the local flow velocity. The main problem with the vortex shedding phenomenon
during dynamic stall is that it tends to produce very large lift, drag, and pitching
moment overshoots compared to the maximum values of the airloads that could
have been obtained under quasi-steady conditions—see the results in Fig. 34.
Dynamic stall, when it occurs on a HAWT, is known to be a particularly
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significant source of unsteady blade airloads that can be responsible for structural
and/or mechanical damage.

Unfortunately, the prediction of dynamic stall events has not yet been very
successful on HAWTs. Because of the high 3-dimensionality and nonlinearity of the
aerodynamic problem (which involves hysteresis effects), the development of suit-
able mathematical models (even semi-empirical ones) has proved very difficult.
In summary, the underlying physical problems can be divided into three main areas:
(1) Defining stall onset by representing the unsteady pressure gradient reduction
effects on the blade resulting from unsteady changes in angle of attack. This is needed
because unsteady effects lead to delays or lags in the development of the boundary
layer compared to those obtained under quasi-steady conditions; (2) Representing
coupled influences of the centrifugal and Coriolis effects acting on the boundary layer
in the rotating flow environment (i.e., a radial flow effect); (3) Representing the
effects of leading edge vortex shedding during the dynamic stall process.

Needless to say, the interdependent combination of factors that can affect the
problem of dynamic stall has made it difficult to understand exactly what is hap-
pening aerodynamically on wind turbine blades. While some of the predictive
issues that have arisen are because of the imprecise modeling of the delayed onset
of flow separation resulting from unsteady aerodynamic effects, there are also subtle
3-dimensional effects unique to the rotating blade environment that seem to be
particularly pronounced on HAWTs and these effects are very difficult to predict.

A prerequisite to predicting dynamic stall and its onset, is first to predict
adequately the unsteady airloads under attached flow conditions. Despite its

Fig. 33 The process of dynamic stall involves several distinct stages, but the shedding of a
concentrated vortical disturbance from the leading edge of the airfoil is a distinguishing feature of
the phenomenon
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apparent simplicity compared to the stalled case, however, this is a nontrivial
problem for which the development of general models that are valid for the wind
turbine environment is still a major challenge [10, 43]. The motivation for the
development of more efficacious models is very clear in that they must remain in a
mathematical form that is compatible with the structure of BE and BEM type
models. To this end, several relatively parsimonious semi-empirical models have
been developed or adapted for wind turbine use. Several design analyses use the
method developed by Leishman and Beddoes [44], which has been modified by
Pierce and Hansen [45] and Gupta and Leishman [46]. However, while often
giving good results such models are not strictly predictive tools (i.e., they are
fundamentally postdictive) and they must be applied with a good application of
common sense, especially for airfoils that are substantially different to those used
to originally develop the model.

A better integrated modeling capability for dynamic stall clearly depends on
foundational understanding of the resulting 3-dimensional boundary layer
developments that are found on rotating blades. Several experimental and
modeling studies have provided at least some insight into these effects—see
Himmelskamp [47], Young and Williams [48], Madsen and Christensen [49],
Snel [50], Narramore and Vermeland [51], Dwyer and McCroskey [52],

Fig. 34 The vortex shedding
process during dynamic stall
will produce significant
overshoots in the values of
the airloads. Unsteady airfoil
data are for an oscillating
S809 airfoil
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Robinson et al. [53], Schreck et al. [42] and Schreck et al. [54]. Snel [50] has
speculated that the Coriolis acceleration terms act to alleviate adverse pressure
gradients and so delay the onset offlow separation and stall, but this is an assumption
questioned by others—see Corten [55]. Fogarty [56] has calculated the radial or
spanwise development of the boundary layer flow on the blade and has shown that
for helicopter rotors at least, these effects are small, except near the inboard part of
the blade. It is exactly here, however, where the blades of HAWTs (because of their
design) generally tend to exhibit higher values of lift coefficients compared to those
produced on helicopter rotors, and therefore the effects of radial flow on the
developing airloads can be more important here.

Similar observations of the 3-dimensional flow state have been found using
CFD methods, such as in the work of Narramore [51], although confidence in these
types of analyses to represent fully stalled flows is not yet very good because of
deficiencies in the turbulence models used for separated flows. Approximate
methods have also been developed to model the so-called 3-dimensional ‘‘stall
delay’’ effects—see Corrigan [57] and Du and Selig [58]. However, a rigorous
approach to represent these effects is still lacking because such models have
questionable validity under unsteady flow conditions or for situations where
dynamic stall may occur. This is an area where more foundational research is
needed if better 3-dimensional models of unsteady airfoil behavior and dynamic
stall are to be developed and used confidently for the analysis of improved
HAWTs.

14 Transitory Yaw Effects

As already discussed in this chapter, significant once-per-revolution unsteady
variations in the local velocity at the blade elements will be produced whenever
the plane of rotation of a HAWT is misaligned (yawed) relative to the wind. The
mechanical systems used for yaw control cannot track the wind to give perfect
alignment at all times, so some yaw misalignment angle must always be expected.
Combined with the low tip speeds of HAWTs, this can produce large excursions in
relative flow velocity, which can amplify unsteady effects even although the blade
pitch and angle of attack may remain relatively low and/or constant. Amplitude
and phase changes of the local forces are then produced on the blades compared to
those loads that might be obtained if only quasi-steady aerodynamics had been
assumed, and this can be a significant source of predictive deficiency.

Another source of unsteady effects can be traced to the actual direction of the
incident flow velocities at each element on the rotating blades as they are
approaching stall. Because of the relatively low rotational velocity of HAWTs, the
local sweep angle of the flow with respect to the leading edge of the blade can
become relatively large when the turbine is yawed by even a few degrees. With
fully attached flows the independence principle of aerodynamic loads applies, and
insignificant changes in airloads will be expected. However, as already discussed
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the radial flow component can affect the development of the 3-dimensional
boundary layer on the blade, and so also alter the conditions that eventually may
lead to the onset of dynamic stall. This is just one more reason why the prediction
of stall on HAWTs is so difficult to represent by using parsimonious mathematical
models.

Furthermore, there is an additional unsteady aerodynamic lag in the develop-
ment of the wake induction in response to the changing downstream flow structure
with changes in the yaw misalignment angle. These are complicated effects to
represent from a modeling perspective, and vortex theory (previously discussed)
probably offers one of the better approaches without making too many assump-
tions. A representative calculation using a FVM is shown in Fig. 35 for a HAWT
that progressively yaws out of wind over the course of two revolutions of the
turbine. Notice that power output drops quickly as the yaw misalignment increa-
ses, but there is also a significant transitory response. In this case, the power
produced decreases before recovering to approach a more steady state value. The
residual fluctuations in the power output, which are undesirable from an electrical
power generation standpoint, are a result of the in-plane component of the wind
velocity combined with a dynamic response of the downstream wake; such wake
adjustments may take place over many revolutions before the aerodynamics sta-
bilize and the turbine produces a nominally steady-state output.

The equations describing the distribution of induction over the turbine’s disk
have also been modified for use under unsteady conditions; in this case they are
usually written in the form of a set of ordinary differential equations. The time
constant (or constants) in the equations represent the dynamic lag in the build-up
of the induction flow to the changing operating conditions. Specific values of the
wake time constants for wind turbine analyses are used based on empirical
evidence of the so-called ‘‘induction lag.’’ This mathematical form is appealing for
many of the structural dynamic and aeroelastic analyses of the wind turbine
that use the comprehensive design models—see Bierbooms [59], Snel and
Schepers [60], Hansen and Butterfield [61] and Snel [23]. However, this is an area
of modeling capability that needs substantially more development if the resulting

Fig. 35 Representative
predictions of transient power
output for a change in yaw
misalignment angle relative
to the wind direction
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effects on inflow and loads are to be predicted as confidently as could be obtained,
for example, by using vortex theory.

15 Tower Interference Effects

Tower interference effects on the turbine blades are experienced with both the
downwind and upwind types of HAWT. While the interference issue on loads is
more important for the downstream type of HAWT, an interference effect with the
upwind type of HAWT can occur as the blades pass in front of the tower. Tower
‘‘shadow’’ inevitably manifests as a region of velocity deficit in the downstream
wake behind the support tower—see Fig. 36. Because a body of cross-section that
is circular shape (or otherwise bluff in form) generates this wake, the wake is
manifest by a notable reduction in flow velocity and significant levels of turbu-
lence. As the blade passes into the downstream velocity deficit region, there is a
sudden reduction in the net lift and torque produced by the blade. Because this is a
transitory phenomenon with high effective values of reduced frequency, there are
significant unsteady aerodynamic forces produced; in fact, it is the modeling of
the unsteady aerodynamic effects that is critical if the effects on the blade

Fig. 36 Schematic of a blade element interacting with the wake shadow produced by the support
tower
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aerodynamics are to be faithfully represented in this regime. As a consequence, the
downwind type of HAWT also tends to generate more noise than the upwind type
as the blades periodically intersect this tower wake.

In most forms of engineering analysis, the tower shadow effect is modeled as a
velocity deficit normal to the plane of rotation, although other models have also
been used. The velocity deficit is determined empirically, and so it will be specific
to different types and shapes of towers. The effect of this change in the velocity
field on the resulting lift and torque on the blade as a function of its azimuthal
location is then calculated, such as using the BE model. While reasonable results
have been obtained with this approach, fundamentally the method is only post-
dictive in nature—see Munduate et al. [62] and Wang and Coton [63]. Further
work on the tower shadow problem is still needed to better characterize the
unsteady wake structure behind the tower and so to develop suitable mathematical
models for the effects on blade loads and power output.

With an upwind type of HAWT, the blade itself is relatively free of the
interference effects associated with the support tower. A perturbation in loading
may still be produced as each blade passes in front of the tower, albeit this will be
of relatively small magnitude compared to the downwind type. In this case,
however, the turbine and its wake produce a more important effect on the support
tower. As shown previously, the downstream wake is comprised, in part, of vor-
tices that trail from the tips of the blades, which then impinge on the tower; a
schematic of the behavior is shown in Fig. 37. The process of vortex impingement,
stretching, and finally bursting, is a relatively complicated one from a fundamental
fluid dynamics standpoint. The net effect of this process, however, is that a tran-
sient aerodynamic loading is produced on the tower, and although a local event,
the unsteady loads produced can still be of sufficient magnitude to produce notable
vibrations levels and noise.

Fig. 37 Schematic of the
blade tip vortices generated in
the wake of the turbine
impinging on the support
tower
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16 Advanced Aerodynamic Modeling Requirements

Advanced computational fluid dynamic (CFD) methods based on numerical
solutions to the Euler and Navier–Stokes (N–S) equations have begun to see some
significant use for the analysis of HAWTs [64–66]. This class of methods has the
potential to provide a consistent and physically realistic simulation of the turbine
flow field without the layers of empiricism that are typical of contemporary design
methods. However, it is not possible to solve the N–S equations without invoking
at least some levels of numerical approximation. Furthermore, CFD methods in
general, although giving a very sophisticated modeling capability, are computa-
tionally expensive and have large computer memory requirements. These
requirements well-exceed those of the BEM or FVM methods, for example.

In addition to their high cost, the numerical issues associated with CFD methods
include grid sensitivity, turbulence modeling, artificial (i.e., unrealistic) wake dif-
fusion, etc., which have prevented the use of these methods for many practical
problems of interest, even in a research context. In particular, problems involving
flow separation on the blades and dynamic stall have proved extremely challenging
for N–S based methods, in part because of the deficiencies with current turbulence
models. The prediction of the 3-dimensional vortical wake behind a turbine has also
proved to be extremely challenging for CFD methods to solve. This is because the
vortical wake is a consequence of complex 3-dimensional, viscous, separated flow
effects, and also because the various numerical methods used in solving the dis-
cretized form of the equations have difficulty in preserving the coherent wake
structure as it is convected into the downstream flow.

16.1 Navier–Stokes Equations

The N–S equations are the fundamental equations governing fluid dynamic
behavior. These equations invoke the principles of the conservation of mass, and
momentum and energy interchange. A further reduction to the N–S equations can
be made to obtain the Reynolds Averaged N–S or RANS equations, and this form
has proved very useful in aerodynamic studies. Several researchers have used
RANS methods for computing flow field around HAWTs [67–69]. However, the
resolution of the turbulence scales requires extremely fine grids with fine numerical
discretization, and hence the very biggest and fastest computers are needed to solve
even the RANS equations. The RANS equations also require turbulence closure
models for their solution, for which several types have been developed—see, for
example, the popular models devised by Baldwin and Lomax [70], Baldwin and
Barth [71], and Spalart and Allmaras [72], although these models are not suitable
for representing turbulence in a vortical wake.

Reasonable levels of success has been demonstrated using RANS methods for
predicting the flows on the rotating blades under fully attached flow conditions,
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but not unexpectedly several issues have been discovered when attempting to solve
problems involving separated flow and in deep stall regimes. Wolfe and Ochs [73]
noted that poor predictions of the maximum lift coefficient for the S809 airfoil was
probably caused by the deficiencies in the turbulence model. Chaviaropolous [74]
also noted problems with turbulence models. Langtry et al. [75] discuss the use of
transition model for general CFD methods used for airfoil studies and wind turbine
performance predictions. A more thorough evaluation of turbulence models for
wind turbine aerodynamics is discussed by Benjanirat et al. [76].

While the computational costs for RANS solutions, at least for now, are high
and turnaround time for typical VAWT problems is long, they have great potential
to help improve the understanding of wind turbine problems. However, they also
have the disadvantage that the dependencies affecting the design of the turbine are
harder to expose because of uncertainties in prediction and long turnaround times.
Therefore, the practical use of the RANS models in the engineering design of new
wind turbines still lies some way in the future.

16.2 Euler and Hybrid CFD Methods

Numerical solutions to the Euler equations have also seen some use for HAWT
problems. These equations are an inviscid form of the N–S equations, so they
cannot represent the creation, diffusion, or dissipation of vorticity. Because of
higher Reynolds numbers in the global flow, and the absence of solid boundaries
except near the blades, the Euler approximation is somewhat justified, as are free-
vortex methods. However, the viscous and turbulent diffusion of vorticity in the
downstream wake of the turbine, and the creation of turbulence and mixing of the
tip vortices are not accounted for. A discussion of such methods for wind turbine
applications is given by Madsen [77]. Another approach, effectively also an Euler
approach, uses the asymptotic acceleration method [78]. Although adapted for
helicopter applications initially, the method has been extended to study HAWTs
by van Bussel [79].

The use of so-called ‘‘hybrid’’ CFD methods have also been explored. Hybrid
methods combine the use of direct CFD for the blades (i.e., RANS methods) with
free-vortex models for the wake, or perhaps N–S method for the wake and an
actuator disk to represent the turbine blades. Coupling strategies must be devel-
oped to link information between the different numerical methods.

Sørenson and colleagues have developed the Ellipsys2D/3D code [80], which is
a N–S approach. The flow on the blades themselves, however, is solved by the
solution of the RANS equations; an example of the results from such an analysis is
shown in Fig. 38. Sankar and co-workers [81–83] have developed a hybrid N–S/
full potential/free-wake method for predicting the flow at a HAWT. This hybrid
approach seems one of the more promising shorter-term approaches for the
application of CFD to solving real aerodynamic problems with HAWTs, including
the problems associated with unsteady aerodynamic effects and dynamic stall.
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17 Chapter Review

Unquestionably, many strides have been made in the understanding and in the
mathematical modeling of the aerodynamics HAWTs, especially over the last
decade or so. In this chapter, the fundamental methods of HAWT aerodynamics
have been reviewed, mainly from the perspective of the classic momentum theory,
blade element momentum (BEM) theory, and blade element (BE) theory combined
with vortex wake models. Despite the various assumptions and approximations in
the BEM theory, it still remains a standard method for analyzing the performance
of HAWTs. The BEM method gives good predictions of the effects key design
parameters, but its predictive confidence levels are significantly reduced in high
wind conditions or when the turbine is yawed with respect to the wind. Today,
newer engineering methods that are used for wind turbine analyses are based on
blade element theory combined with either inflow models or vortex models to
represent the non-uniform induction velocity that has its source in the vortical
wake downstream of the turbine. This type of approach gives much more flexi-
bility compared to the BEM theory, and also offers the analyst the options of
including a wide range of validated subcomponent models that represent physical
phenomena but are difficult to represent from first principles. These methods can
also be combined with structural dynamic models of the blades, the support tower,
and the power generation system, so as to produce comprehensive mathematical
tools to help in the detailed design of HAWTs.

It has also been emphasized in this chapter why significant unsteady effects may
be produced on HAWTs by the phenomenon of dynamic stall, and this problem
still remains a serious concern to analysts from a loads perspective. In higher

Fig. 38 Example of a CFD
solution of the flow about a
HAWT (NREL Phase IV
turbine). The primary flow is
solved using the EllipSys2D/
3D code, which is an
incompressible finite volume,
N–S method [80]
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winds, when much of the blade can be stalled, current methods of analysis tend to
predict blade loads and power outputs that are considerably different (i.e., higher
or lower) to those actually measured. For the future, there is a need to refine and
expand upon existing aerodynamic models especially for more general operating
conditions, and in some cases the goal will be to develop completely new models
that can encompass a wider range of operating conditions for use in wind turbine
applications.

While it is also clear that the challenges of modeling HAWT problems using
CFD have been taken up, the capabilities of these methods have not yet been
sufficiently elevated to be assigned the confidence levels that are necessary for
design purposes. With faster computers and with improved numerical algorithms,
CFD methods will ultimately prevail and will become increasingly used in the
design of better and more efficient types of HAWTs. However, sustained valida-
tion of all of these approaches against experimental measurements remains
essential, and good measurements continue to be needed from both wind tunnel
tests on wind turbines and also in the field. This improved modeling capability will
then allow adverse loads or other undesirable effects to be predicted well in
advance, and so to allow more efficient and reliable wind turbines to be designed in
the future.
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Analysis of Wind Regimes
and Performance of Wind Turbines

Sathyajith Mathew, Geetha Susan Philip and Chee Ming Lim

With the present day’s energy crisis and growing environmental consciousness, the
global perspective in energy conversion and consumption is shifting towards
sustainable resources and technologies. This resulted in an appreciable increase in
the renewable energy installations in different part of the world. For example,
Wind power could register an annual growth rate over 25% for the past 7 years,
making it the fastest growing energy source in the world. The global wind power
capacity has crossed well above 160 GW today [1] and several Multi-Megawatt
projects-both on shore and offshore-are in the pipeline. Hence, wind energy is
going to be the major player in realizing our dream of meeting at least 20% of the
global energy demand by new-renewables by 2020.

Assessing the wind energy potential at a candidate site and understanding how a
wind turbine would respond to the resource fluctuations are the initial steps in the
planning and development of a wind farm project. Energy yield from the Wind
Energy Conversion System (WECS) at a given site depends on (1) strength and
distribution of wind spectra available at the site (2) performance characteristics of
the wind turbine to be installed at the site and more importantly (3) the interaction
between the wind spectra and the turbine under fluctuating conditions of the wind
regime.

Thus, models which integrate the wind resource as well as the turbine perfor-
mance parameters are to be used in estimating the system performance. Based on
the above parameters, methods for assessing the available wind energy resource at
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a candidate site and the performance expected from a wind turbine installed at this
site are presented in this chapter.

1 Wind Regime Characteristics

In this section we will discuss how the characteristics of the wind regimes can be
incorporated in assessing the wind energy potential as well as estimating the output
from a wind energy conversion system.

1.1 Boundary Layer Effects

The first factor to be considered while estimating the wind resource and wind
turbine performance at a given site is the variations in wind velocity due to the
boundary layer effect. Due to the frictional resistance offered by the earth surface
(caused by roughness of the ground, vegetations etc.) to the wind flow, the wind
velocity may vary significantly with the height above the ground. For example,
wind profile at a site is shown in Fig. 1. Variations in the wind velocity with height
are quite evident in the figure. Thus, if the wind data available are not collected
from the hub height of the turbine, the data are to be corrected for the boundary
layer effect.

Ground resistance against the wind flow is represented by the roughness class or
the roughness height (Z0). The roughness height of a surface may be close to zero
(surface of the sea) or even as high as 2 (town centers).
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Some typical values for the roughness heights are 0.005 for flat and smooth
terrains, 0.025–0.1 for open grass lands, 0.2–0.3 for row crops, 0.5–1 for
orchards and shrubs and 1–2 for forests, town centers etc. On the basis of the
roughness height of the terrain, wind data collected at different heights are to be
extrapolated to the hub height of the turbine. If the wind data are available at a
height Z and the roughness height is Z0, then the velocity at a height ZR is given
by [3, 4].

VðZRÞ ¼ VðZÞ
ln ZR=Z0
� �

ln Z=Z0

� � ð1Þ

where V(ZR) and V(Z) are the velocities at heights ZR and Z respectively. Thus, if
the velocity of wind measured at a height of 10 m is 7 m/s and the roughness
height is 0.1, the velocity at the hub height—say 100 m—is 10.5 m/s. It should be
noted that the power available at 100 m would be 3.4 times higher than at 10 m.

In some cases, we may have data from a reference location (meteorological
station for example) at a certain height. This data is to be transformed to a
different height at another location with similar wind profile but different
roughness height (for example, the wind turbine site). Under such situations, it is
logical to assume that the wind velocity is not significantly affected by the
surface characteristics beyond a certain height. This height may be taken as 60 m
from the ground level [5]. With this assumption and equating the velocities at
60 m height at both the sites as per Eq. 1, we get

VðZÞ ¼ VðZRÞ
ln 60=ZOR

� �
ln Z=ZO

� �
ln 60=ZO

� �
ln ZR=ZOR

� �
0
@

1
A ð2Þ

where ZOR is the roughness height at the reference location.

1.2 Wind Velocity Distribution

Being a stochastic phenomena, speed and direction of wind varies widely with
time. Apart from the seasonal variations, the differences can be considerable even
within a short span of time. These variations can significantly affect the energy
yield from the turbine at a given site. For example, a turbine may deliver entirely
different amount of energy when it is installed in two sites with the same average
wind velocity but different velocity distributions. Similarly, two wind turbines
with the same output rating but different in the cut-in, rated and cut-out velocities
may behave differently at the same site. Statistical distributions are used to take
care of these variations in wind energy calculations.

Several attempts were made to identify the statistical distribution most suitable
for defining the characteristics of wind regime. A wide range of distributions are
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being tried by the researchers. The Weibull distribution, which is a special case of
Pierson class III distribution, is well accepted and commonly used for the wind
energy analysis as it can represent the wind variations with an acceptable level of
accuracy [6–9]. In some situations, Rayleigh distribution—which is a simplified
form of Weibull distribution—is also being used. It is worth mentioning that some
innovative attempts are also been made by applying the Minimum Cross Entropy
(MinxEnt) [10] and Maximum Entropy (ME) [11] principles in wind energy
analysis. However, a recent study comparing various statistical distributions in
wind energy analysis has established the acceptability of Weibull distribution [9].
Hence we will follow the Weibull distribution in our analysis.

The Weibull distribution can be defined by its probability density function f(V)
and cumulative distribution function F(V) where:

f ðVÞ ¼ k

c

V

c

� �k�1

e
� V=cð Þk ð3Þ

and

FðVÞ ¼
Z

f ðVÞ dV ¼ 1� e
� V=cð Þk ð4Þ

where k is the Weibull shape factor, c the scale factor and V is the velocity of
interest. Here, f(V) represents the fraction of time (or probability) for which
the wind blows with a velocity V and F(V) indicates the fraction of time
(or probability) that the wind velocity is equal or lower than V.

From Eqs. 3 and 4, it is evident that k and c are the factors determining the
nature of the wind spectra within a given regime. Effects k and c on the probability
density and cumulative distribution of wind velocity are demonstrated using the
wind data from three potential wind farm sites in Figs. 2 and 3. The site wind
velocities are represented in Table 1.

Fig. 2 Effect of Weibull
shape factor on the
probability density of wind
velocity of some potential
sites
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There are several methods for determining k and c from the site wind data.
Some of the common methods are the graphical method, moment method,
maximum likelihood method, energy pattern factor method and the standard
deviation method [2]. For example, in the standard deviation approach, the rela-
tionship between the mean (Vm) and standard deviation (rV) of the wind velocities
and k are correlated as

rV

Vm

� �2

¼
C 1þ 2

k

� �
C2 1þ 1

k

� � � 1 ð5Þ

Once Vm and rV are calculated for a given data set, then k can be determined by
solving the above expression numerically. Once k is determined, c is given by

c ¼ Vm

C 1þ 1
k

� � ð6Þ

In a simpler approach, an acceptable approximation for k can be made as [7, 12]

k ¼ rV

Vm

� �� 1:090

ð7Þ

and c can be approximated as

c ¼ 2 Vmffiffiffi
p
p ð8Þ

Fig. 3 Effect Weibull shape
factor on the cumulative
distribution of wind velocity
at some potential sites

Table 1 Weibull shape and
scale factors of some wind
farm sites

Site no. Mean wind
velocity, m/s

Standard
deviation, m/s

k c, m/s

1 6.79 4.11 1.6 7.66
2 7.75 3.11 2.7 8.74
3 6.99 2.50 3.06 7.89
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1.3 Energy Density

The power available in a wind stream of velocity V, per unit rotor area, is given by

PV ¼
1
2

qa V3 ð9Þ

where PV is the power and qa is the density of air. The fraction of time for which
this velocity V prevails in the regime is given by the probability density function
f(V). Thus, the energy contributed by V, per unit time and unit rotor area, is
PV f(V). Hence, the total energy contributed by all possible velocities in the wind
regime, available for unit rotor area in unit time (that is energy density, ED) may be
expressed as

ED ¼
Z1

0

PV f ðVÞ dV ð10Þ

Substituting for P(V) and f(V) in the above expression and simplifying, we get

ED ¼
1
2
qa

k

ck

Z1

0

Vðkþ2Þe� V=cð Þk dV ð11Þ

This can further be simplified as [2]

ED ¼
3
2

qa
c3

k
C

3
k

� �
ð12Þ

2 Velocity–Power Response of the Turbine

Power curve of a 2 MW pitch controlled wind turbine is shown in Fig. 4.
The turbine has cut-in, rated and cut-out velocities 3.5, 13.5 and 25 m/s respec-
tively. The given curve is a theoretical one and in practice we may observe the
velocity power variation in a rather scattered pattern.

In this curve, we can observe that the turbine has four distinct performance
regions.

1. For velocities from 0 to the cut-in (VI), the turbine does not yield any power.
2. Between the cut-in and rated velocities (VI to VR), the power increases with the

wind velocity. Though, theoretically, this increase should be cubic in nature, in
practice it can be linear, quadratic, cubic and even higher powers and its
combinations, depending upon the design of the turbine.

3. From the rated to cut-out wind speed (VR to VO), the power is constant at the
rated power PR, irrespective of the change in wind velocity.

4. Beyond the cut-out velocity, the turbine is shut down due to safety reasons.
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So, the wind turbine is ‘productive’ only between the velocities VI and VO. For any
wind velocity between VI and VR, the power PV can generally be expressed as

PV ¼ aVn þ b ð13Þ

where a and b are constants and n is the velocity–power proportionality. Now
consider the performance of the system at VI and VR. At VI, the power developed
by the turbine is zero. Thus

aVn
I þ b ¼ 0 ð14Þ

At VR power generated is PR. That is:

aVn
R þ b ¼ PR ð15Þ

Solving Eqs. 14 and 15 for a and b and substituting in Eq. 13 yields

PV ¼ PR
Vn � Vn

I

Vn
R � Vn

I

� �
ð16Þ

Above equation gives us the power response of the turbine between the cut-in
and rated wind speeds. Obviously, the power between VR and VO is PR.

In the above expression, the major factor deciding the variations in power with
velocity in the cut-into rated wind speed region is n. Value of n differs from turbine
to turbine, depending on the design features. For example, Fig. 5 compares
the power responses of two commercial wind turbines in this performance region.
The curves are derived from data available from the manufactures. It should be
noted that, although both the turbines are of the same 2 MW rated capacity, their
power responses in the ‘cut-into rated’ velocity region differ significantly.

For a specific turbine, n can be calculated from its power curve data, available
from the manufacturer. For example, the cut-in, rated and cut-out wind velocities
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of the two turbines compared above are shown in Table 2. Putting these values in
Eq. 16 we get

PV T1½ � ¼ 2000 � Vn � 3n

12n � 3n

� �
and PV T2½ � ¼ 2000 � Vn � 4n

16n � 4n

� �

where T1 and T2 represents the turbines 1 and 2 respectively. Solving the above
relationship with the velocity power data for the turbines (available from the manu-
facturer or obtained by digitizing the power curve) we can find out the value of n. Any
standard curve fitting package can be used for the solution. Following this method,
n for the turbines T1 and T2 are 1.8 (R2 = 0.97) and 0.6 (R2 = 0.95) respectively.

Instantaneous values of wind velocity and corresponding power were recorded
from a 225 kW wind turbine installed at a wind farm and are plotted in Fig. 6. Cut-
in and rated wind velocities of this turbine are 3.5 and 14.5 m/s respectively.
Scattered points represent the measured power where as the continuous line rep-
resents the power computed using Eq. 16. Reasonable agreement could be
observed between measured and computed values.

3 The Energy Model

To estimate the energy generated by the turbine at a given site over a period, the
power characteristics of the turbine is to be integrated with the probabilities of
different wind velocities expected at the site. For example, power curve of a wind

Table 2 Cut-in, rated and
cut-out wind velocities of the
turbines

Turbine
no.

Cut-in velocity,
m/s

Rated velocity,
m/s

Cut-out velocity,
m/s

1 3 12 28
2 4 16 25

Fig. 5 Variations in output
power from cut-into cut-out
velocities for two wind
turbines of 2 MW rated
capacity
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turbine is shown in Fig. 7a whereas Fig. 7b presents the Weibull probability
density function of a candidate site. In the wind regime, the fraction of energy
contributed by any wind velocity V is the product of power corresponding to V in
the power curve, that is P(V) and the probability of V in the probability density
curve, which is f(V). Thus, at this site, the total energy generated by the turbine E,
over a period T, can be estimated by

E ¼ T

ZVo

Vi

PV f ðVÞ dV ð17Þ

As we have discussed, the power curve has two distinct productive regions—
from VI to VR and VR to VO. Thus, let us take

E ¼ EIR þ ERO ð18Þ

Fig. 6 Field performance of
a 225 kW wind turbine
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where EIR and ERO are the energy yield corresponding to VI to VR and VR to VO

respectively. From the foregoing discussions, we have

EIR ¼ T

ZVR

Vi

PV f ðVÞ dV ð19Þ

and

ERO ¼ T PR

ZVO

VR

f ðVÞdV ð20Þ

Substituting for f(V) and P(V) from Eqs. 3 and 16 in Eq. 19, we get

EIR ¼ PR T

ZVR

VI

Vn � Vn
I

Vn
R � Vn

I

	 

k

c

V

c

� �k�1

e
� V=cð Þk dV

¼ PR T

Vn
R � Vn

I

� � ZVR

VI

Vn � Vn
I

� � k

c

V

c

� �k�1

e
� V=cð Þk dV

ð21Þ

For simplifying the above expression and bringing it to a resolvable form, let us
introduce the variable X such that

X ¼ V

c

� �k

ð22Þ

Then,

dX ¼ k

c

V

c

� �k�1

and V ¼ cX
1
k ð23Þ

With Eq. 22, we have

XI ¼
VI

c

� �k

; XR ¼
VR

c

� �k

and XO ¼
VO

c

� �k

ð24Þ

With this substitution, and simplification thereafter, EIR can be expressed as

EIR ¼
PR T cn

Vn
R � Vn

Ið Þ

ZXR

XI

Xn=k e
�X

dX

� PR T Vn
I

Vn
R � Vn

Ið Þ e�XI � e�XR
� �

ð25Þ
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Now consider the second performance region. From Eq. 20, ERO may be
represented as

ERO ¼ PR T

ZVO

VR

k

c

V

c

� �k�1

e
� V=cð Þk dV ð26Þ

As
R

f ðVÞ dV ¼ FðVÞ, from Eqs. 4 and 16, the above equation can be
simplified as

ERO ¼ T PR e�XR � e�XO
� �

ð27Þ

The above expressions can be evaluated numerically.
The capacity factor CF —which is the ratio of the energy actually produced by

the turbine to the energy that could have been produced by it, if the machine would
have operated at its rated power throughout the time period—is given by

CF ¼
E

PR T
¼ EIR þ ERO

PRT
ð28Þ

Thus,

CF ¼ cn

Vn
R � Vn

I

ZXR

XI

Xn=k e
�X

dX

� Vn
I

Vn
R � Vn

I

e�XI � e�XR
� �

þ e�XR � e�XO
� �

ð29Þ

The energy model discussed above is validated with the field performance of a
10 kW wind turbine [13] in Fig. 8. The turbine considered here has cut-in, rated
and cut-out wind speeds of 3.0, 13.5 and 25 m/s respectively. From the manu-
facturer’s power curve, the velocity–power proportionality for the design was
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found to be 2.16. It can be observed that the predicted performance closely follows
the measured values throughout the period.

4 Conclusion

A method for assessing the wind energy resource available at a potential wind farm
site has been presented in the above sections. Model for simulating the perfor-
mance of wind turbines at a given site has also been discussed.

For example, the performances expected from the turbines given in Table 2,
when installed at the sites described in Table 1 are compared in Fig. 9. Though
both the turbines have the same rated power of 2 MW, the first turbine is expected
to generate more energy from all the three sites. This is obvious as (1) the first
turbine has lower cut-in and higher cut-out velocities, making it capable of
exploiting a broader range of wind spectra available at the site (2) The first turbine
shows better power response between the cut-into rated wind speeds as seen from
Fig. 5.

The methods described above can be useful in the preliminary planning of wind
power project. However, for a final investment decision, apart from a more
rigorous technical analysis, economical and environmental dimensions of the
project should be investigated.
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Advances in Offshore Wind Resource
Estimation

Charlotte Bay Hasager, Merete Bruun Badger, Alfredo Peña, Jake Badger,
Ioannis Antoniou, Morten Nielsen, Poul Astrup, Mike Courtney and Torben
Mikkelsen

Wind resource mapping is basically a meteorological time-series statistical anal-
ysis, to which the features of the landscape such as roughness, topography and
local obstacles are integrated. The normal procedure is to use the WAsP program
which is de facto standard for wind turbine siting [1, 2]. The basic principle of the
program is to solve the atmospheric flow equation using the logarithmic wind
profile law and then to include the effects of the terrain. The optimal situation is to
have accurate, long-term wind and turbulence observations from the height in the
atmospheric boundary layer at the site where a wind farm is envisioned. This
information provides the basis for wind resource mapping, identifying extreme
conditions and wind load on the turbines.

The current total capacity of offshore wind farms is around 3 GW and EWEA
predicts an offshore capacity of 40 GW by year 2020 [3]. Thus the growth is fast
and the unit size of wind turbines are increasing. Multi-MW turbines are being
installed in offshore applications since year 2000. Turbines of 12 MW size are
expected to be developed under the EU IP UPWIND project by 2013 [4] and the
atmospheric conditions relevant for this turbine are investigated under the Danish
project [5]. There is a need for observing and modeling offshore winds at very high
heights for these Multi-MW turbines.
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The most significant development in offshore wind resource estimation is the
application of new remote sensing observation technologies. So far these are not
fully implemented, but are obviously relevant in future observational offshore
programs. Reasons for the new trend on using remote sensing methods are the
difficulty and cost of erecting and maintaining very tall meteorological masts
under offshore conditions. Ground-based remote sensing provides observations at
high levels in the atmosphere. Satellite remote sensing provides maps of ocean
winds with high spatial detail.

In this Chapter, new developments that are of particular interest for the offshore
wind energy segment are discussed. These include new observation methods and
mesoscale modeling of wind resources. The remote sensing technologies like
ground-based LiDAR (Light Detection And Ranging) and SoDAR (Sound
Detection And Ranging) are described along with the satellite-based SAR (Syn-
thetic Aperture Radar) and scatterometer observations.

1 Offshore Observations at High Levels

The major need for advanced techniques in offshore wind resource estimation is
reliable wind observations at very high heights. Ground-based remote sensing
techniques appear as promising replacement solution to tall offshore meteoro-
logical masts. The use of LiDAR and SoDAR for wind resource estimation at high
heights are described in the following sections. A typical installation of LiDAR
and SoDAR is shown in Fig. 1.

The ZephIR wind LiDAR consists of a coherent wave laser beam operating at
1.55 lm. It is an eye-safe wavelength. It measures the Doppler-shift of radiations
scattered by aerosols in the air and it is assumed that these particles flow with the
same velocity as the wind. The particles can be dust, water droplets, pollution, pollen
or salt crystals. The LiDAR scans conically into the atmosphere at an angle of 30.6�

Fig. 1 The Zephir wind
LiDAR in the centre of the
image and the AQ500
SoDAR in the front right
installed at the Horns Rev
platform in 2006
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from the azimuth. It is possible to select five scanning heights up to 200 m. The
observation spectra are produced in the circular scanning pattern *50 s-1. Hence
there are 50 points of observation per revolution and each revolution takes 1 s.
The LiDAR is operated with 3 revolutions per scanning height. The resolution
(scanning volume) varies as a function of observational height [6, 7].

The AQ500 SoDAR uses three parabolic dishes and three horns, tilted to the
vertical at 15� and having an azimuth separation of 120�. It operates at 3100 Hz.
Another type of SoDAR, the AV4000, is a phased array system and its antenna
consists of 50 piezoelectric speakers. The array steers the sound beam in three
directions, one vertical and two beams at a tilt angle of 17�, separated by an
azimuth angle of 90�. It operates at 4,500 Hz. The backscattered sound measured
by a SoDAR is a function of the scatter angle of return, the wave number,
the ambient temperature, and the temperature and velocity structure functions.
The observation resolution heights from SoDARs can be selected and in contrast to
the LiDAR, the observational volume is constant at all heights. SoDARs can
observe up to 300 m [6, 8, 9].

The LiDAR and SoDARs have been tested in several experiments. Recent results
are reported here from the following three experimental campaigns: [6, 8–11].

1. Høvsøre (December 2006 to January 2007) at the National Danish Test Site for
Large Wind Turbines at Høvsøre located near the coast of the North Sea (DK);

2. Horns Rev (May to October 2006) in the North Sea at the transformer platform
at the Horns Rev offshore wind farm (DK);

3. Nysted (June to September 2005) in the Baltic Sea at the transformer platform
at the Nysted offshore wind farm (DK).

1.1 Results from the Coastal Station at Høvsøre

The Høvsøre site is operated by Risø DTU and the site is characterized by
installation of one 116 m and another 165 m tall meteorological masts, heavily
equipped with meteorological instruments like cup and sonic anemometers,
thermometers, etc. The landscape is flat and observations were collected 1.5 km
inland from the North Sea. The site is ideal for comparison of instrument per-
formance and inter-calibration. The main purpose of the test site is the power curve
observation for new large wind turbines.

An example of observations from cup anemometer and LiDAR both observing
at 116 m above ground are presented in Fig. 2. Rain-data have been omitted in the
graph. The 10-min mean values are very well correlated with bias *0 ms-1 and
slope *1 ms-1. The data availability was 99% during the observational period.

Only data from the prevailing wind sector (240–300�) are included to avoid
influence from the mast itself, other masts and turbines.

In another experiment, LiDAR, SoDAR (AV4000) and cup anemometers were
observing partly in parallel for the power curve of a wind turbine. The results are
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presented in Fig. 3. The power curve is normalized and only observed for two
different nominal power configurations. Hence the power curve is not truly rep-
resentative of the specific wind turbine. The results indicate that remote sensing
wind data can also be used for power performance. Further work in this direction is
progressing [8].

1.2 Results from Offshore at Horns Rev

The Horns Rev site in the North Sea is characterized by the offshore distance to the
nearest coastline of *12 km. At the site there are three well-equipped meteoro-
logical masts observing winds up to 70 m above mean sea level operated by
DONG Energy. Both LiDAR and SoDAR (AQ500) were installed at the

Fig. 2 Comparison of 10-
minute mean wind speed
observed by cup anemometer
and LiDAR at 116 m above
ground at Høvsøre, Denmark
in December 2006 and
January 2007 in the
prevailing wind sector from
240 to 300�
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Fig. 3 The power curve,
shown as a function of the
wind speeds measured by cup
anemometer, LiDAR and
SoDAR (AV4000) [9]
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transformer platform, 20 m above mean sea level, in close cooperation with
DONG Energy from May to October 2006. The Horns Rev wind farm with 80
wind turbines is in the vicinity. Therefore, at certain wind directions (135–270�),
the influence of the wind turbines to the wind field (wake effect) is observed by the
LiDAR and SoDAR [12].

Comparison between the results from LiDAR and cup anemometers at the
nearby masts is reported in [12]. Summary of linear regression results between cup
anemometers at three masts (called Mast 2, Mast 6 and Mast 7) and LiDAR are
shown in Table 1. All the data are 10-min mean values observed *60 m above
mean sea level in the free stream sectors of all masts and LiDAR.

At Horns Rev, the LiDAR was mainly operated at four selected heights viz. 63,
91, 121 and 161 m above mean sea level. The lower level was chosen for com-
parison with the three meteorological masts (see above). The other heights were
chosen to identify winds at higher levels. Figure 4 shows some of these results.

The profile observations are separated into two main groups, wind profiles from
open-ocean, and wind profiles from land sectors, where the closest fetch is 12 km.
The profiles are the averages of all 10-min profiles from the campaign in each
sector. It is seen that strong winds are from the open-ocean sectors (westerly to
north) while the fetch-influenced sectors have less wind (southeasterly to
northeast).

At Horns Rev, the SoDAR AQ500 was observing winds in parallel with the
LiDAR during the campaign. Results from LiDAR and SoDAR at three levels are
compared in Table 2. All data are from the same free stream sectors, i.e. north-
westerly sectors (no wake influence). The number of data decreases with height
due to the increase of the signal to noise ratio in the SoDAR measurements. This is
explained by the fixed echoes detected from the platform and the crane sur-
rounding the SoDAR, and to the noise originating from the platform to scare birds
away (that otherwise pollute the helipad next to the instruments; for safety reasons
this pollution is avoided).

The differences in wind speed (Table 2) can be explained from the measuring
volume: in the LiDAR, the conical scanning is done with an angle of *30� with
the azimuth, whereas the SoDAR does it with *15�. Despite of the high flow
homogeneity of offshore winds, the platform can influence the wind streamlines.

From both LiDAR and SoDAR, it is possible to observe the turbulence intensity
[6, 11]. The (longitudinal) turbulence intensity is defined as the ratio between the

Table 1 Comparison of 10-
min wind speeds observed by
cup anemometer at three
masts and LiDAR

Name Height
(m)

Distance
(km)

Slope
(ms-1)

Bias
(ms-1)

R2 Data
(#)

Mast 2 62 5.6 0.96 +0.15 0.97 4,236
Mast 6 60 3.4 0.99 +0.12 0.98 1,937
Mast 7 60 5.2 0.99 +0.15 0.97 3,264

LiDAR data at 63 m above mean sea level. The height of the
mast observations, the distance between LiDAR and masts, and
the linear regression results are listed. All data are from free
stream conditions (no wake influence)
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standard deviation of the wind speed longitudinal component and the longitudinal
mean wind speed averaged over 10 min.

An example of turbulence intensity observed from LiDAR at four heights above
mean sea level is presented in Fig. 5. The figure shows the turbulence intensity as a
function of wind speed. It is known that LiDAR turbulence measurements are
attenuated due to its measuring volume around 20% [11].

Nevertheless, from the LiDAR data, it is possible to follow the behavior of
offshore turbulence with height, i.e. the result shows an increment on the turbu-
lence intensity for high wind speeds due to an increasing sea roughness length. For
higher heights, the wind speed needs to be higher in order to ‘‘feel’’ the ground and
increase the turbulence levels. Comparison between LiDAR and cup anemometer
observed turbulence intensities at the three masts at Horns Rev show good cor-
respondence [11].

Fig. 4 Mean wind speed profiles from LiDAR measurements at heights: 63, 91, 121 and 161 m
at the offshore transformer platform at Horns Rev. The solid lines correspond to profiles of open-
sea sectors while the dash lines represent profiles corresponding to winds influenced by land. The
open sea sectors (sectors 9–12 using WaSP sector classification) show higher winds than the land
ones. The profile with less energy content corresponds to the sector where the land is closest to
the platform

Table 2 Comparison of
10-min wind speed observed
by LiDAR and SoDAR

LiDAR
(m)

SoDAR
(m)

Slope
(ms-1)

Bias
(ms-1)

R2 Data
(#)

91 95 0.89 +1.41 0.94 2,557
121 125 0.86 +1.02 0.93 863
161 155 0.83 +0.95 0.94 277

The height of the LiDAR and SoDAR observations and the linear
regression results are listed. All data are from free stream con-
ditions (no wake influence)

90 C. B. Hasager et al.



1.3 Results from Offshore at Nysted

The Nysted site is located in the Baltic Sea *10 km south of the island Lolland.
At the site the LiDAR and two SoDARs—AQ500 and AV4000—were installed on
the transformer platform in close collaboration with E2. The instruments were
mounted 20 m above mean sea level. The AV4000 observed at every 15 m up to
200 m range and the AQ500 observed at every 15 m up to 300 m range. Obser-
vations from five offshore masts belonging to E2, up to 69 m above mean sea
level, were used for comparison. Comparison between the LiDAR and SoDARs
observations are listed in Table 3 [6].

Selected wind profile results from SoDAR AQ500 are presented in Figs. 6 and 7.
The data are binned into three wind speed levels (5–7; 7–9; 9–11 m/s) in the figure
and only stable conditions are included from the northeasterly sector (10–70�). The
selection is based on observations from the meteorological mast 3 at 69 m above
sea level (MM3_69) [6]. The atmospheric profiles from 50 to 220 m above mean
sea level in the figure show different behaviors. For high winds, the speed
continuously increases with the height whereas for lower winds a maximum in wind
speed is observed at 150 m (medium wind) and 100 m (low wind).

The offshore wind conditions in free stream are relevant in wind resource
estimation. However, it is necessary to stress that the wake effects are also
important [10, 12–15]. The turbulence intensity typically is lower in offshore than
on land. Hence, the recovery of winds downstream of a wind farm may be slower.

Fig. 5 Turbulence intensity
from the longitudinal
component of the wind speed
measured by the LiDAR at
different heights at Horns Rev
as a function of wind speed.
The lines show locally
weighted smooth plots of the
scatter data

Table 3 Comparison of 10-
min wind speed observed by
LiDAR and SoDARs AQ500
and AV4000 at 110 m above
mean sea level

SoDAR (m) Slope (ms-1) Bias (ms-1)

AV4000 1.00 -0.15
AQ500 0.99 -0.02

The linear regression results are listed. All data are from free
stream conditions (no wake influence) [6]
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Wake effects have been investigated by cup anemometers at masts near Vindeby,
Horns Rev and Nysted. Results from LiDAR and SoDAR provide new insights to
wake behavior in offshore [6, 7, 10–12]. As an example, Fig. 7 shows offshore
winds in the wake observed by SoDAR AQ500 at Nysted and it is compared to a
logarithmic profile. It is the average wake profile for winds observed by the
SoDAR when winds were between 7 and 9 m/s in the sector 200–250� at the
meteorological mast 2 (MM2) and the atmospheric stratification was unstable. It is
clear that a wake deficit (reduced mean wind speed) is found in the entire profile
from 50 to 270 m above mean sea level.

2 Offshore Observations with Spatial Detail

Offshore winds can be observed from the space through Earth observing satellites.
The satellites provide instantaneous maps of ocean wind conditions and hence
spatial variations could be observed. The remote sensing techniques for ocean
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Fig. 7 Mean wake wind profile observed with SoDAR AQ500 at Nysted. The selected data are
observed during conditions of 7–9 m/s at meteorological mast (mast 2) for unstable conditions
and winds from 200 to 250�. The SoDAR is in the wake whereas mast 2 is in free stream. The
mean free stream wind profile observed at mast 2 from 10 to 69 m above mean sea level and a
hypothetical logarithmic profile at higher levels are included [8]
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wind mapping from Synthetic Aperture Radar (SAR) and scatterometer are
described in the following sections.

2.1 Ocean Winds from Synthetic Aperture Radar

Synthetic Aperture Radars (SAR) are active microwave sensors. The CMOD
functions developed for scatterometer wind retrievals have been successfully
applied to C-band SAR imagery too. A comprehensive overview on this is
given in [16]. Advantages of SAR data include a high spatial resolution
(around 1 km for derived wind products) and full coverage in near-shore
areas. This makes SAR the most suitable satellite data type for offshore wind
resource mapping. SAR data are not acquired routinely in the same manner as
scatterometer data. Due to a narrower swath of SAR, a given point on the
Earth surface is covered less frequently. This is a major disadvantage in terms
of offshore wind resource mapping where the highest possible number of
samples are required.

SAR measurements are obtained from a single look angle. As a consequence,
several wind speed and direction pairs may correspond to a given backscatter
coefficient (i.e. the radar backscatter per area). To select the appropriate wind
speed, the wind direction must be known a priori. Wind directions may be
obtained from in situ measurements [17–21] or atmospheric models interpolated
in time and space to match the SAR data acquisition [22, 23]. Directions may
also be retrieved with a 180� ambiguity from km-scale streaks found in most
SAR images [24–26]. The streaks are aligned approximately with the wind
direction and originate from atmospheric roll vortices impacting the sea surface.
SAR winds have been retrieved to an accuracy of 1.1 m/s compared to high-
quality in situ measurements from an offshore mast at Horns Rev, Denmark
[27–29].

The environmental satellite Envisat, operated by the European Space Agency
(ESA), has an advanced C-band SAR (ASAR). The mission is a follow-up on the
successful ERS-1/2 missions. Another C-band SAR is flown on board the
Canadian Radarsat-1/-2. Today, SAR imagery is generally available in near-real
time from the data processing facilities and several software packages exist for
operational SAR wind retrieval.

In the following, the APL/NOAA SAR Wind Retrieval System (ANSWRS)
developed at the Johns Hopkins University, Applied Physics Laboratory will be
used for demonstration [23]. The software uses, as default input, wind directions
from the Navy Operational Global Atmospheric Predictions System (NOGAPS) on
a 1� latitude/longitude grid. The wind directions are interpolated in time and space
to match a given SAR data acquisition.

An example wind field over the Danish Seas (400 km by 500 km) is shown in
Fig. 8. The wind map is based on Envisat data from 15 January 2007 at 20:54
UTC. Winds were blowing from the southwest—the prevailing wind direction
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in Denmark. The map illustrates how the wind speed decreases from the North Sea
(west) to the enclosed seas (east).

Figure 9 shows a wind map over the North Sea (400 km by 1,100 km). This map
is based on Envisat ASAR data acquired on 24 February 2007 with winds from the
south and southeast. A compression of the wind field is seen around the headland of
Norway, which causes a significant increase of the wind speed. On the lee side of
Norway, winds are much calmer. The calm zone extends up to 200 km offshore.
Calm zones have also been identified downwind of existing offshore wind farms

Fig. 8 Map showing winds over the Danish Seas retrieved from an Envisat ASAR image of 15
January 2007 at 20:54 UTC. Arrows indicate NOGAPS model wind speeds and directions
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using airborne and satellite SAR data [28, 30]. SAR based wind maps over the two
large wind farms Horns Rev and Nysted in Denmark have revealed that wind farm
wake effects can extend as far as 20 km downwind [30]. State-of-the art wake
models predict a maximum wake extend of 15 km [14]. Satellite observations have
thus contributed to our understanding of the wind climate around existing offshore
wind farms and other aerodynamic obstacles, e.g. islands or mountains.

Fig. 9 Map showing winds over the North Sea retrieved from an Envisat ASAR image of 24
February 2007 at 10.09 UTC. Arrows indicate NOGAPS model wind speeds and directions
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Single satellite wind maps are valuable for understanding local wind speed
variations at existing and potential wind farm sites. In addition, wind resource
assessment studies may be performed using a series of satellite wind fields
accordingly to assessments from on-site time series measurements.

Wind fields derived from SAR images need processing before statistical anal-
ysis. First step is to screen out areas with false data, e.g. from land surfaces,
offshore constructions, tidal currents in shallow water, and surfaces affected by
heavy rain or algae bloom. It is practical to transform the wind fields to a common
frame of reference.

The boundary-layer response to new conditions is fast near the surface and
delayed at elevated positions. Satellite observations reflect surface conditions so
the wind estimate at turbine hub height relates to the signal upwind of the turbine
position. The response function is known as the flux footprint and it is available
from boundary-layer theory [31].

A positive side effect of spatial averaging is that it reduces speckle noise in the
image. If the wind speed and direction do not vary much over the image, then the
response function is uniform and the footprint averaging can be calculated effi-
ciently by Fast Fourier Transformation. The pixel sizes in images from wide-swath
SAR may be so large that footprint averaging becomes unnecessary.

Generally wind climates are described by the frequency of occurrence in a
number of wind-direction sectors and a Weibull distribution of the wind speed in
each of these. The directional distribution is needed to model the acceleration
when the wind blows off the coast and to correct for effects of wakes from
neighbour turbines.

Maximum-likelihood is the preferred method for fitting Weibull distributions to
sparse data sets, as it has little bias and scatter [32]. The limited range of SAR
calibration implies that, winds less than a certain threshold are not mapped. Simply
to reject this information would be wrong, but fortunately maximum-likelihood
has an extension which yields unbiased estimates for censored data sets [33]. The
limited number of observations introduces uncertainty, and it may be necessary to
simplify the statistical model, e.g. by setting the Weibull shape parameter equal in
all wind direction sectors. Another approach would be to correlate SAR obser-
vations with wind data from a reference mast and use the correlation to correct
long-term statistics from the reference station for systematic differences at offshore
positions—a method known as measure-correlate-predict [34].

At Risø DTU, the described method has been developed to compute wind
statistics such as the mean wind speed, the energy density (E), and the Weibull
shape (k) and scale (a) parameters from satellite wind fields. The method has been
tested at Horns Rev in the North Sea using 91 satellite samples [29]. The test
showed very good agreement between energy densities computed from SAR
(E = 421 W/m2) and in situ data (E = 422 W/m2). This was also true when
18 years of measurements from a nearby lightship were used for comparison
(E = 456 W/m2). Errors on the SAR-based energy density were related to
uncertainties of the retrieved mean wind speeds. These uncertainties were, in turn,
caused by erroneous wind directions and, presumably, by non-neutral stability,

96 C. B. Hasager et al.



internal boundary layers from the land, and wake effects of the large offshore wind
farm operating at Horns Rev.

A major advantage of using SAR in offshore wind resource assessment is that
spatial variability of the statistical parameters may be identified within a given area
of interest. A severe limitation of the method is the restricted number of available
satellite samples. However, the amount of samples will increase as the SAR data
archive continues to grow. Another limitation is that, satellite overpasses occur at
fixed times of the day (i.e. one morning and one evening overpass) [35]. Diurnal
variations in the wind climate are not taken into account but such variations are
considerably smaller at offshore locations compared to land sites. Finally, SAR
based wind fields are valid at the height 10 m, whereas wind turbines of today
operate at much higher levels above the surface. To really make use of the SAR
observations for wind energy planning, an interpolation to the turbine hub height is
necessary.

In addition to the C-band SAR sensors described above, a new generation of
SAR instruments has been launched with the Japanese L-band sensor ALOS
PALSAR and the German X-band sensor TerraSAR-X. Work is ongoing to tune the
current wind retrieval algorithms for both longer and shorter radar wavelengths.
The new sensors may also provide information about other parameters relevant for
wind engineering such as bathymetry and waves. Further, the combination of
several radar frequencies is expected to improve wind retrieval algorithms through
a separation of different contributors to the radar backscatter over a given area.

2.2 Ocean Winds from Scatterometer

Scatterometers are real aperture radars operating in the microwave spectrum. The
American/Japanese scatterometer SeaWinds on-board the QuikSCAT satellite
works at Ku-band. The scatterometer transmits pulses. The pulses are echoed back to
the instrument and received. The normalized backscatter per resolution cell in slant
range (across track) and ground range (along flight track) are the key information
used for wind vector retrieval. Variations in the magnitude of the Normalized Radar
Cross Section (NRCS) are functions of the centimeter-sized, wind-driven waves of
the ocean surface. The geophysical model function relates the NRCS to the wind
vector through empirical coefficients. The coefficients are found from collocated in
situ wind data and NRCS values, or a combination of in situ wind data, meteoro-
logical model data and NRCS values [36]. QuikSCAT data are available from 19
July 1999 to November 2009. QuikSCAT ocean wind maps cover 90% of the globe
twice daily (fewest observations near the Equator, more near the poles).

Two examples of QuikSCAT wind data used for offshore wind resource esti-
mation are provided here. One example is from the Horns Rev site and the other is
from Cape Verde. Hence the meteorological conditions are contrasting. Results are
presented in Fig. 10. The wind climatology in Cape Verde is governed by the trade
winds. These are nearly constantly blowing from the northeast. In contrast, the
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wind climate in Denmark is characterized by synoptic frontal systems passing
from different directions. The mean wind speed, Weibull scale and shape factors
are calculated for Cape Verde as 8.04 m/s, 8.86 m/s and 4.57, respectively. For
Horns Rev corresponding values are 7.95 m/s, 9.06 m/s and 2.0, based on the
QuikSCAT observations.

2.3 Mesoscale Modeling for Offshore

The atmospheric flow over coastal regions is complicated. This is because the
coastal region represents a transition of two distinct surface types, land and sea. For
homogeneous surface condition, there is a much better understanding of,

Fig. 10 Offshore mean wind statistics from Cape Verde at 334.25 E, 16.75 N (left panels) and
Horns Rev at 7.75 E, 55.50 N, Denmark (right panels) observed from QuikSCAT from 7 years,
twice daily, i.e. *5,000 observations. The upper panels show monthly mean wind speed and the
lower panels display the wind roses
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for example, the wind velocity profiles within the boundary layer, compared to
profiles for the coastal regions. The distinction between the two surface types in the
coastal region may be described using at least three different properties, namely
surface aerodynamic roughness length, surface temperature, and surface elevation.

The surface aerodynamic roughness length describes a property that determines
how, according to the logarithmic wind profile, the wind speed increases with
increasing height above the surface. However, the logarithmic wind profile is only
a good approximation for homogeneous roughness and neutral conditions. For a
hypothetical simple coastal zone, where the only distinction between land and sea
is the surface aerodynamic roughness length (i.e. flat, level, land at same tem-
perature and approximate height temperature as sea), there will be a region where
the wind profile will be in transition, where for upwind there is a combination of
land and sea roughness lengths. This transition behavior is described by roughness
induced internal boundary layer development [37].

Now, imagine a slightly more complicated coastal zone where land and sea
have different temperatures, as well as different roughness. This new complication
introduces a change in the surface heat flux into the atmosphere when air flows
from land to sea or vice versa. The impact of the surface heat flux on surface
profiles for homogeneous conditions is described by Monin–Obukhov similarity
theory [38]. However, for heterogeneous conditions, the transition of the wind
profile is less well understood. Refer [39], where the response of wind profile to
abrupt changes in surface heat fluxes are described using analytical, numerical
simulation and experimental methods.

The next complication to be introduced to the hypothetical coastal zone is
heterogeneous surface elevation (orography) of the land surface. Orography has a
large impact on the surface winds, not just at the location of the orographic feature
itself (for instance, strong winds at a hill top), but also some distance from the
feature. This is strongly related to the stability of the atmosphere. For more stably
stratified conditions, flow tends to be steered more laterally around orography
obstacles such as hills and mountains. The range at which the flow can be modified
by orography can be in the order of hundreds of kilometers (Fig. 9). Therefore,
onshore orography can impact the offshore wind properties. High orography along
the coast can lead to flow damming, or the creation of barrier jets enhancing flow
parallel to the coast. Where islands with high orography are present, the deflection
of flow around the island can increase winds on the flanks of the island, including
offshore areas. Similarly, flow can be enhanced in the gaps between islands. For
examples of these phenomena as seen from SAR satellite imagery, see [40].

There are further distinctions that can be made between land and sea surfaces in
a coastal region such as moisture fluxes that are not covered here. However,
considering just dry processes between surface and atmosphere alone has created
challenging problems to be addressed.

Mesoscale models can be used to model the wind flow in coastal regions and are
able-to some extent-to model the influence of the heterogeneous surface aerody-
namic roughness, surface heat fluxes, and orography [41, 42]. As an example of an
offshore mesoscale study, a summary of an investigation for the Nysted Wind Farm
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in Denmark is discussed here. The objective was to determine the variation of wind
conditions over the extent of the offshore wind farm. The wind farm is large and
therefore, the horizontal gradient of wind speed found in coastal zones can have a
greater impact. More details of the study can be found in [13].

The model used was Karlsruhe Atmospheric Mesoscale Model (KAMM) [43].
The model has been used extensively in wind energy applications, mostly in the
calculation of numerical wind atlases in the KAMM/WAsP methodology [44, 45].
In this study KAMM was run with a uniform 2 km horizontal resolution in a
domain of 200 9 200 km. In the vertical, 25 model levels using a terrain fol-
lowing coordinate were used from the surface to 5,500 m. The spacing between
vertical levels is not uniform; levels close to the surface have the smallest interval.

The mesoscale requires a description of the surface elevation (orography),
surface aerodynamic roughness, profiles of geostrophic wind speed, direction, and
potential temperature. The orography for computational domain was derived from
the Shuttle Radar Topography Mission (SRTM), dataset available for download at
30 arc second resolution. A similar gridded dataset is created for the surface
roughness in the computation domain, derived from the Global Land Cover
Classification (GLCC) dataset from the United States Geological Survey.

The atmospheric profiles were based on the means derived from NCEP/NCAR
reanalysis temperature and geo-potential height gradient data determined for years
1965 to 1998 for the heights 0 m, 1,500 m, 3,000 m and 5,500 m above sea level.
Based on the mean wind speeds at these heights, a set of 12 wind directions were
used from 0o to 330o with a constant 30o interval, with no variation of direction
with height.

In KAMM, the land and sea surface temperatures can be set by a constant offset
relative to the lowest model level air temperature at initialization. In the first set of
integrations (set A), the offset temperature was set to 0 K for both land and sea
surfaces. That is to say that the surface temperature is set to the lowest model level
air temperature at initialization everywhere in the domain. The surface tempera-
tures do not change during the model integration.

In the second set of integrations (set B), the surface temperature offset relative
to the lowest model level air temperature is +5 K for sea surfaces and -5 K for
land surfaces. That is, the sea surface is warm and the land surface is cold. In the
third set of integrations (set C) the surface temperature offset was -5 K for sea
surfaces and +5 K for land surfaces, meaning a cold sea surface and a warm land
surface.

Figure 11 shows the modeled winds at 70 m above surface level for the 150o

wind forcing in case C (the cool sea, warm land configuration), next to a SAR
image derived winds for a similar large-scale forcing situation. A similar spatial
variation of the wind speed is seen in the modeled winds and those derived from
the SAR image, especially in the streaky higher wind regions formed in the gaps
between islands.

Figure 12 shows the winds at 70 m above surface level for the three surface
configurations using the 60o wind forcing. It is from this direction that a large
range of wind speeds are experienced over the wind farm extent.
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Fig. 11 Comparison of mesoscale model winds at 70 m above surface level using a large-scale
wind forcing from 150 degree (left) and wind derived from a SAR image during similar large-
scale wind conditions (right)

Fig. 12 The winds at 70 m above surface level for a large-scale forcing from 60 degrees, using
three different surface temperature configurations: a configuration A: land and sea same
temperature, b configuration B: warm sea, cool land, c configuration C: cool sea, warm land
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It can also be seen that the wind field at 70 m above surface level is sensitive to
the different surface temperature configurations. For the warm sea cases there is a
tendency for the winds blowing offshore to increase speed over a shorter distance,
and then remain rather uniform. For the cool sea cases, the tendency of the wind
blowing offshore is to increase the speed over a longer distance and to create more
elongated narrow jet features with higher wind.

This mesoscale study demonstrates the complexity of offshore winds and the
sensitivity of the winds to the surface heat flux conditions that influence the
stability of the boundary layer. This complexity and sensitivity can have impacts
on the wind characteristics over the extent of wind farm site. Thus, mesoscale
modeling provides a valuable tool for investigating the flow behavior in coastal
regions.

3 Discussion and Conclusion

Offshore winds observed from meteorological masts are still used in offshore wind
resource mapping. New approaches in offshore wind resource estimation using
LiDAR, SoDAR, SAR and scatterometer are discussed in the above sections. The
ability of each of these observing technologies to provide relevant information on
offshore wind is also demonstrated.

LiDAR observations give good comparison with the wind measured using cup
anemometers as demonstrated at the Høvsøre site (where the instruments were
spaced with a few meters) and the offshore site (where the instruments were spaced
at a few kilometers). Furthermore, very recent results at Høvsøre show that LiDAR
is able to cope in conditions of frost and snow storm where cup anemometers were
not working properly. LiDAR also have very high data availability, close to 100%.

SoDAR works well on land sites. When used in wind resource mapping, a
short (e.g. 40 m) mast is used in combination with SoDAR for part of the
observational period, for the calibration. A similar procedure could be used when
it is used in offshore measurements. However, SoDAR may have less data
availability under offshore conditions. Further, the reliability of these instruments
may be affected by fixed echoes from structures, noise from bird, bird scaring
devices, and transformers appeared. All of these may potentially be circum-
vented with ideal mounting.

Both LiDAR and SoDAR provide wind observations at much higher levels than
any offshore meteorological mast (at present). Therefore the accuracy at the
highest levels is impossible to verify from comparison to cup anemometers. As a
consequence, the interesting wind and wake profiles observed from LiDAR and
SoDAR are the state-of-the-art observations. At these heights, modeling results of
winds and wakes are the only information available. But, as modeling of winds in
the coastal zone and offshore wakes are challenging, no conclusions can be drawn.
It is comforting that observations from LiDAR and SoDAR agree well in spite of
some differences like in case of observational volumes.
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Satellite-based ocean wind observations can provide spatial details. This is in
contrast to vertical detail from ground-based LiDAR, SoDAR and meteorological
masts. Satellite SAR and scatterometer observe the capillary and short gravity
waves on the ocean formed instantaneous by wind interaction with the sea
surface. The pattern of capillary waves is non-linearly proportional to ocean
winds at 10 m above sea level. The relationship is found from empirical fitting,
and the accuracy is *1.1 ms-1 rms error. This error is one order of magnitude
larger than necessary in wind resource mapping. Therefore this type of infor-
mation is relevant in pre-feasibility studies. One advantage is that the informa-
tion is readily available; it is not necessary to wait for an year for the
observations to be recorded as multi-year data are available in archives with
global coverage. In satellite remote sensing there is a trade-off between frequent
observation (twice daily) with low spatial resolution (25 km) and infrequent
observations (some per month) with high spatial resolution (0.5–1 km) from
scatterometer and SAR, respectively.

Mesoscale modeling of flow in the coastal zone is relevant in the case of non-
sufficient offshore observations. In other words, wind climate modeling with
microscale models in the coastal zone is possible only for short distances as the
atmosphere is much affected by mountains, land roughness and thermal properties
of land and sea. Satellite wind maps are valuable in evaluation of offshore
mesoscale wind resource model results. Similarly offshore wind observations from
LiDAR and SoDAR are valuable for evaluation of mesoscale model results at
elevated heights within the atmospheric boundary layer.

Methods of offshore wind resource analysis using LiDAR and SoDAR mounted
on the ground are highly promising as observations can be made at the relevant
heights of the expected very large wind turbines. Further, the data quality and data
availability are also high. Hence, it is realistic to use remote sensing in offshore
wind resource mapping in the future. Satellite observations and mesoscale mod-
eling provide spatial details. It is clear from both observations and model results
that great spatial variability exists in the atmospheric boundary layer in the coastal
zones. Further investigation is needed in this direction, yet the present results are
very promising.
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Short Term Forecast of Wind Power

Henrik Aalborg Nielsen

With the fast growth of wind energy worldwide, owners and operators of wind
farms, transmission system operators, and energy traders need reliable forecasts of
wind energy production covering some horizon into the future. The length of the
horizon depends on the type of decisions which need to be taken on the basis of
the forecast. Typically, focus has been on horizons from 12 to 36 h, at least when
the production is traded on a day ahead market. However, other horizons are also
relevant. For example, horizons up to 1 week are relevant for unit commitment.
Shorter horizons, down to hours or minutes, are also relevant for wind farm
operation.

Often wind power is dispatched when available. From a simple economics point
of view this makes sense because, when available, the marginal production cost of
wind power is very low, if not zero. However, this point of view may be somewhat
naive. For example, consider the case where an unexpected high wind power
production will require conventional plants to be shut down. Since these cannot be
restarted instantly, such a decision may prove economically sub-optimal and it
might have been better to limit the actual production from the wind turbines. Other
cases where limiting the production may be required or beneficial are in case of
limited capacity of the grid or when using the wind turbines as regulating power.
However, the market and the energy tax structure should encourage that wind
power is dispatched when available. It is better to use the electricity for heating or
cooling than to limit the wind energy production. Technically, this requires that the
end users are able to react on on-line price signals.

In this chapter various aspects of wind power forecasting are addressed. When
building or selecting a forecast system, the data available for the system must be
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specified. For very short-term forecasting persistence, where the future is fore-
casted as the latest power production, might perform quite well. However, on-line
measurements of the wind power production may not be available, and in this case
the simple predictor mentioned is not realizable in practice. Other types of data
includes (i) other on-line measurements of, e.g. wind speed, (ii) meteorological
forecast data, (iii) physical site data, and (iv) data used for up-scaling. Throughout
this chapter, the type of data required by the methods mentioned will be described.
It is noted that, if the production of a wind farm is limited during some periods, it
is important to have access to not only the actual production but also (and more
importantly) to the potential production.

The chapter starts by introducing various types of forecast. Hereafter, various
models producing point forecasts are described which is followed by some
probabilistic forecast models. Finally, up-scaling of forecasts and evaluation of
forecast quality are considered. Generally, the number of references mentioned
throughout the chapter is limited and instead the chapter ends with some biblio-
graphical notes.

1 Types of Forecasts

The traditional notion of a forecast is a single value, representing the expectation,
e.g. for each hour within the horizon. Here, such a forecast will be termed a point
forecast. Usually, a point forecast is supplemented with error bands based on the

Fig. 1 Point forecast (top, full line) with error bands found using the observed standard deviation
of the forecast errors and probabilistic forecast (bottom) represented by 10% (dotted), 25%
(dashed), 50% (full), 75% (dashed), and 90% (dotted) quantiles. The error bands represent the
central 50 and 80%
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standard deviation of the forecast error and an assumed Gaussian distribution of
the forecast error. When the error bands exceed the possible values, they are
simply truncated. Instead of a single value for each time point in the future,
probabilistic forecasts, in principle, contain the conditional distribution of wind
power production for each time point within the horizon. The distribution is
represented by a set of quantiles.

Figure 1 shows examples of a point forecast with error bands and a probabilistic
forecast, represented by a few quantiles. While the error bands of the point forecast
are based solely on an observed standard deviation of historical forecast errors, the
probabilistic forecast aims at modeling the full distribution conditional on the
information available at forecast time. While the certainty by which the future
wind power production can be forecasted depends upon the horizon, it may also
depend on the overall meteorological situation. This implies that, for a specific
forecast, it cannot be assumed that, e.g. the distance between 25 and 75% quantiles
will increase with the horizon. Also, given the horizon, the distance mentioned
may change markedly over forecast time points.

While a probabilistic forecast includes much more information about the future
than a point forecast, the probabilistic forecast by no means contains all relevant
information. In order to construct possible scenarios of future wind power pro-
duction, the auto-correlation of the data must be respected. This implies that
independent samples from each of the conditional distributions will not produce
realistic scenarios.

Figure 2 shows ten future scenarios for the case where the correlation is
appropriately modeled and ten scenarios generated using independent sampling.

Fig. 2 Ten simulations corresponding to the probabilistic forecast in Fig. 1 respecting the
correlation observed in the data (top) and ten simulations for which independent sampling is used
(bottom)
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The difference is evident, but the question remains if this should affect the deci-
sions taken by the users of the forecasts. If any kind of storage is available, it is
evident that the correlation will be important. This is also true when planning unit
commitment. As opposed to that, when only trading on a day-ahead market and for
each hour separately, the correlation will not be important in the long run, but the
day-to-day risk will be influenced by the correlation.

2 Point Forecast Models

Given the current time t, point forecast models supply a single value for each time
step in the near future t ? k; k = 1, 2, …, K. Denote the future power production
by pt+k, the point forecast of this value is denoted by

p̂tþkjt ð1Þ

The corresponding prediction error is defined as

etþkjt ¼ ptþk � p̂tþkjt ð2Þ

and can be observed at time t ? k. The point forecast should have low bias and
variance, i.e. the mean and variance of the random variable should be low.
To summarize both bias and variance as a single quantity, the second moment, i.e.
E½e2

tþkjt�, is often used. Note that the measures of performance have to be estimated

on the basis of a test period. This is discussed in a separate section later in this
chapter.

2.1 Models Based on Measurements of Power Production Only

Models based solely on measurements of power production will produce a forecast
based on the observed power productions available at forecast time. Consequently,
on-line measurements are essential for these types of models.

In very general terms the k-step forecast produced at time t can be formulated as

p̂tþkjt ¼ ftðt þ k; pt; pt�1; pt�2; . . .Þ ð3Þ

where the function ft, in most cases, must be estimated from data. The time index
t indicates that the function may change over time and in this case the estimation
procedure should reflect this, i.e. the estimates should be time-adaptive.
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2.1.1 Simple Forecast Models

The simplest example of the above case is persistence, which forecasts the future
as the most recent observation. In this case no estimation is involved in the
procedure:

p̂tþkjt ¼ pt ð4Þ

If the time series representing the wind power production has a high positive
autocorrelation in lag k then Eq. 4 will perform well.

However when the autocorrelation for the horizon considered is low, the per-
formance of Eq. 4 is poor. This can be illustrated by the case where pt and pt+k are
independent. In this case, the second moment (and the variance) of the prediction
error equals twice the variance rp

2 of the time series of wind power production
measurements. In contrast to the predictor just mentioned, predicting pt+k as the
mean of the time series results in E[et+k|t

2 ] = rp
2 for all horizons. These observa-

tions have led to the suggestion of a simple forecast which mixes the two forecasts
considered above in an optimal way. The forecast is defined as

p̂tþkjt ¼ ak pt þ ð1� akÞl ð5Þ

where l is the mean wind power production estimated as the average of all
historical measurements available at time t, and ak is the estimated autocorrelation
in lag k based on observations available at time t, i.e.

ak ¼
Pt�k

s¼1ðps � lÞðpsþk � lÞPt
s¼1ðps � lÞ2

ð6Þ

2.1.2 Recursive and Adaptive Estimation

The forecast model consisting of Eqs. 5 and 6 uses estimates of the mean of the
series and of the autocorrelation corresponding to the horizon considered, in order
to produce the forecast. In general, it is beneficial to consider the model structure
and estimation of model parameters separately. As an example, Eq. 5 can be
formulated as

p̂tþkjt ¼ /k pt þ lk ð7Þ

and the coefficients (/k and lk) of the model can be estimated by minimizing the
criterion

Xt�k

s¼1

ðpsþk � p̂sþkjsÞ2 ¼
Xt�k

s¼1

ðpsþk � /k ps � lkÞ2 ð8Þ
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i.e. the sum of squared prediction errors using the data available at time t. Since
the model in Eq. 7 is linear in the parameters, the values of /k and lk which
minimize Eq. 8 can be obtained by linear regression, treating ps as the indepen-
dent variable and ps+k as the dependent variable.

In real operation, the forecast system will receive new information with a pre-
specified sampling interval, e.g. hourly. In order to utilize all information opti-
mally, the estimates should be recalculated when new information arrives. The
Recursive Least Squares (RLS) algorithm provides an efficient update of the
estimates valid at time t - 1 to the estimates valid at time t:

ĥt ¼ ĥt�1 þ R�1
t xt yt � x0tĥt�1

� �
ð9Þ

Rt ¼ Rt�1 þ xtx
0
t ð10Þ

The algorithm is initialized by setting all elements of R to zero and not calculating
the estimates until R is invertible. Above, the algorithm has been formulated for
the general regression case:

yt ¼ x0thþ et ð11Þ

where yt is the dependent variable, xt is a vector of explanatory variables, h is a
vector containing the coefficients of the model, and et is the noise term. To

implement Eq. 7, yt ¼ pt; xt ¼ ½1 pt�k�0; ĥt ¼ ½l̂k;t /̂k;t�
0 can be used.

Often, improved performance can be obtained by forgetting old data. Possible
reasons include (i) wear and tear of the turbines, (ii) seasonal variations in
the mean and autocorrelation of the wind power production data, (iii) changes
in the surroundings of the wind farm, and, for regional forecasting, (iv) changes
in the number and type of wind turbines installed. Old data can be forgotten by
a small modification of the RLS-algorithm, in that only Eq. 10 must be
changed to

Rt ¼ k Rt�1 þ xtx
0
t ð12Þ

where 0 \ k\ 1 is called the forgetting factor and controls the speed by which old
information is disregarded. At time t the resulting estimates minimize the expo-
nentially weighted least squares criterion, i.e.

Xt�k

s¼1

kt�k�sðpsþk � p̂sþkjsÞ2 ð13Þ

from which it is seen that starting with the most recent observation the sequence of
weights is 1, k, k2, k3, k4, …
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2.1.3 Other Model Structures

The model represented by Eq. 7 does not include a term representing the diurnal
variation. It is however easy to extend the model by replacing the overall mean
with a mean for every hour of the day. Formally, such a model can be written

p̂tþkjt ¼ lk;½tþk� þ ak pt ð14Þ

where [t ? k] is the time of the day, as a full hour, for the running time t ? k and
lk,[t+k] is an offset adjusting for the diurnal variation.

To implement this model in the RLS-algorithm, a number of indicator variables
must be defined. Let I() be the indicator function returning 1 if its argument is true
and 0 otherwise. For every full hour of the day h = 0, 1, 2, …, 23, an indicator
variable zh,t = I([t] = h) is defined and the vector xt in the RLS algorithm is then
defined as

xt ¼ z0;t z1;t . . . z23;t pt�k

� �0 ð15Þ

Using the exponentially weighted criterion, this procedure will track the average
diurnal variation over time. To obtain a fast response on the most recent diurnal
variation the model

p̂tþkjt ¼ ak pt þ ad ptþk�24 ð16Þ

can be used, if hourly data is considered and if the horizon k is less than 24 h. The
coefficients ak and ad can be estimated as described above.

2.2 Models Based on Physical Relations

Models based on physical relations basically consider the task of forecasting wind
power production from a deductive point of view. The forecasts are based on
meteorological forecasts, wind farm layout, and the physical characteristics of the
wind turbines.

The meteorological forecasts are produced using Numerical Weather Prediction
(NWP) models, the details of which are far beyond the scope of this text. The
NWP models are run by metrological offices and the forecasts are obtained
electronically; typically via the Internet. Depending on the domain of the NWP
model, the grid size can be approximately 100 km for a global model down to
approximately 5 km, or even less, for a high resolution model with limited
domain, but still covering several thousand kilometers. The meteorological office
will typically offer forecasts for the actual site of the wind farm, but these are
usually produced using a relatively simple interpolation scheme. Also, the NWP
models operate with a number of vertical layers, which are defined by pressure
levels. Therefore, the wind speed at hub height is usually not directly obtainable.
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For the reasons mentioned above, wind power forecasting techniques based on
physical modeling start by correcting the meteorological forecast to take local and
height effects into account. This can be done using Meso-scale models or less
computationally demanding models applying a direction-dependent correction for
height, roughness, and orography. The resulting output is the wind speed at a
certain location and height, but assuming that the wind farm has not been estab-
lished. Following this, the layout of the wind farm and the power and Ct curves of
the turbines are used to calculate the actual production of the individual turbines.

As examples, Fig. 3 shows the power and Ct curves for a Vestas V44 turbine
and Fig. 4 shows the wind speed and power production as function of NWP speed
and direction forecasts for a wind farm in Denmark. It is notable that given the
forecasted wind direction, the farm wind speed is proportional to the forecasted
wind speed.

2.3 Models Applying Both Measurements and Physical
Information

The physical modeling approach outlined in the previous section requires detailed
information regarding the wind farm and the surroundings. Inaccuracies in this
information, together with seasonal variations and, e.g., wear and tear of the
turbines suggest that, prediction performance can often be improved using mea-
surements of wind speed and/or power.

One approach is to use a procedure called Model Output Statistics (MOS)
which corrects for bias by postulating a linear relationship between the forecasted
output from the physical model p̂phys and the expected wind power production p̂

p̂ ¼ b0 þ b1p̂phys ð17Þ

where coefficients b0 and b1 are estimated from data using the least squares
criterion. To track changes in the coefficients the RLS-algorithm with exponential
forgetting can be applied.

Fig. 3 Power (full) and Ct

(dotted) curves of a Vestas
V44 turbine. The curves are
valid for an air density of
1.225 kg/m3
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Often the MOS is performed separately for sectors defined by the forecasted

wind direction (d̂NWP). This is equivalent to including direction-dependent coef-
ficients in Eq. 17, using the relationship

p̂ ¼ b0ðd̂NWPÞ þ b1ðd̂NWPÞp̂phys ð18Þ

In the statistical literature, models such as Eq. 18 are called varying coefficient
models or conditional parametric models and a general theory for estimation of the
coefficient functions exists.

Given measurements of wind speed, the MOS procedure can also be performed
on the physically corrected local wind. While this can be beneficial due to the non-
linearity of the power curve, it essentially eliminates the calculations based on
roughness and orography. However, this is only true when the modeled relation-
ship between the NWP and local wind speeds is linear as in Fig. 4.

If the detailed information required by the physical modeling is not available or
if it is unreliable, the structure of the physical model might still be used to suggest
a model structure which is then estimated directly from data. As an example,
consider the physical model which led to the direction-dependent wind farm power
curve in Fig. 4. Based on this, it can be assumed that, we can express the power
curve model of the wind farm as

p̂ ¼ f ðŵNWP; d̂NWPÞ ð19Þ

where ŵNWP and d̂NWP are the meteorological forecast of wind speed and direction,
p̂ is the forecasted power production, and f is a function representing the wind farm
power curve. This function can be estimated directly from data, which also implies
that the model can easily be used on power production data originating from a region.

Fig. 4 Farm wind speed (left) and farm power (right) curve as derived from WAsP and as used
in Zephyr/Prediktor (both from Risø National Laboratory/DTU, see also www.prediktor.dk) for
the wind farm Klim in the north-west of Denmark. The wind farm consists of 35 Vestas V44
turbines
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Several methods exist for estimation in models such as (19), including artificial
neural networks, fuzzy-neural networks, and local regression, all of which have been
applied to wind power forecasting. The full list of possible estimation methods is too
extensive to cover in this text and special attention is therefore paid to one method, in
this case the local regression.

In local regression, the function f is estimated at a number of distinct points
called the fitting points. For each of these points, the function is approximated by a
low order polynomial, the coefficients of which are estimated using only data near
the fitting point. Evaluating the polynomial with the estimated coefficients at the
fitting points produces the estimate of the function value. The procedure is repe-
ated for all relevant fitting points.

It is customary to place the fitting points close to each other, allowing simple
interpolation methods to be used for points not originally considered. The selection
of data to be used for a particular fitting point is often based on the nearest-
neighbor principle, where a certain proportion of the data are used. In practice, a
weighted least squares solution is used and the weights are chosen so that the
observations enter the neighborhood smoothly as the fitting point moves over the
relevant region.

For the wind farm at Klim in north-west Denmark, the physical-based power
response is shown in Fig. 4. In Fig. 5, this power curve is shown together with an
estimated power curve. The estimate is based on data from 2003 and the power
curves are only shown for forecasted values of wind speed and direction occurring
in this year.

Fig. 5 Power curve for the wind farm at Klim. The left panel shows the physical power curve
also shown in Fig. 4. The right panel shows a 5% nearest neighbor local quadratic regression
estimate based on data from data from 2003 and meteorological forecasts corresponding to
horizons of 12–18 h, updated four times daily
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For some wind directions, the two power curves are similar. One example is the
valley at approximately 135� (SE). For other wind directions, e.g. just below 270� (W),
the two power curves are quite different. Also, it is seen that the estimated power
curve is smoother than the physically based power curve. This is partly due to
differences between the methods; the physical based method operates on sectors
defined by the forecasted wind direction and the method underlying the estimated
power curve assumes that the function f is smooth, implying that it can be locally
approximated by low order polynomials. While, from a physical point of view, it
may be very plausible that the wind farm power curve is smooth, there are
additional reasons why it should be smooth when used for forecasting. To realize
this, consider the meteorological forecast of the wind direction. The physical
power curve suggests that an infinitesimal change in the forecast can cause a jump
in the forecasted wind power production. However, since the actual wind direction
will deviate from the forecasted wind direction, the performance of the wind
power forecast can be improved by using a smooth transition.

It is often possible to improve the wind power forecasts generated by models
such as Eq. 19 or a corresponding physical model. As an example, consider the
residuals, or in-sample forecast errors, of the estimated power curve mentioned
above. Figure 6 shows the mean residual versus the time of day for each month in
2003. It is seen that the mean error is up to near 10% of the installed capacity of
21 MW and this occurs around 15:00 for 2 months (April and May). For the

Fig. 6 Mean error relative to the installed capacity for the data from 2003 for the estimated
power curve shown in the right panel of Fig. 5
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geographical location of the wind farm, this corresponds to the time of year at
which the sea is still relatively cold, while solar radiation is relatively high.

The most plausible explanation of this is that the diurnal variation is not fully
accounted for in the meteorological forecast. This can be corrected by including a
term for adjusting the diurnal variation in the power curve model. Alternatively, a
two-step procedure, where a model like Eq. 14 is applied to the forecast errors of
the power curve model, can be used. In this case the second model layer will adjust
for the auto-correlation of the forecast errors as well.

The models considered so far only use meteorological forecasts of wind speed
and direction at a certain level in the meteorological model. Some improvement
can be possible by selecting the most appropriate model level. Given a record of
power productions and meteorological forecasts, this can be investigated before
actually putting a particular wind power forecasting system into operation.

Possibly, other aspects of the meteorological forecast than wind speed and
direction can be important. For instance the forecasts may be improved by
including information about atmospheric stability in the models used. While the
topic is too large to cover in this chapter, this seems to be a promising area for
further development of wind power forecasting systems and an area where the
combination of meteorological insight and statistical modeling can further improve
short-term forecasting.

Combining forecasts is another possible method by which point forecasts can be
improved. Investigations have shown that the wind power forecasts driven by
different meteorological forecasts can have similar performance, while the forecast
errors are only moderately correlated between forecast systems. For this reason a
weighted average of the forecasts will perform better than any of the individual
forecasts.

Fig. 7 Histograms of the residuals from the estimated power curve shown in Fig. 5 for different
levels of the power forecast as given by the model. The installed capacity is 21 MW
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3 Probabilistic Forecast Models

So far the chapter has mainly been concerned with point forecasts. As discussed in
the beginning of the chapter, we can use the estimated standard deviation of the
forecast errors and add error-bands to the point forecasts. However, due to the
bounded nature of possible wind power productions, it is unlikely that such error
bands will be representative for the situation. As an example, consider Fig. 7
which shows histograms of the residuals mentioned in the previous section for
various levels of the forecasted wind power production. It is seen that the distri-
bution is quite narrow for low values of the forecasted power production. As the
level of the forecasted power production increases, the distribution gets wider and
changes shape. Near the maximum production, the distribution is again somewhat
narrower. This clearly indicates that the simple error bands as mentioned above are
inappropriate. Instead we might directly consider the problem of forecasting the
conditional density of wind power production at time t ? k given information
available up to time t.

Formally, this density function will be denoted ft+k|t(p) and is known to be zero
outside the interval of possible productions. If a parametric form of the density
function can be specified, the parameters collected in the vector hk, of the density
can be modeled as a function of, e.g. the point forecast p̂

tþkjt . Formally, this may be

written ftþkjt p; hk p̂
tþkjt

� �� �
. With an appropriate parameterization of the density

function, it should be possible to model each of the elements of hk as a linear
regression model. This observation also directly points towards the possibility of
including more explanatory variables and enables the possibility of modeling
situation-specific uncertainties.

Apparently, experience with the approach outlined is limited within the wind
energy forecasting community. A similar approach based on fuzzy-logic and
resampling, essentially allowing sampling from a time-adaptive estimate of ftþkjt

p; hk p̂
tþkjt

� �� �
, has been developed at Ecole des Mines de Paris [1]. Below some

alternatives will be outlined.

3.1 Quantile Regression

A relatively well-established method within statistics is quantile regression. With
this approach one quantile of the conditional distribution is modeled as a linear
regression-type model. Running several such models in parallel, the full distri-
bution can be well approximated.

Considering a random variable Y, the median is the most well known quantile
and is characterized as the value Q(1/2) for which the probability of obtaining
values of Y above or below Q(1/2) both equals 1/2.
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Let Q(s) be the s-quantile of, e.g. the wind power forecast error, i.e., the value
at which the probability is s of the actual forecast error being lower than this value.
In quantile regression Q(s), 0 \ s\ 1, is expressed as a linear combination of
some known regressors and unknown coefficients, exactly as the mean is modeled
in (multiple) linear regression. Thus, the s-quantile is modeled as

QðsÞ ¼ b0ðsÞ þ b1ðsÞx1 þ b2ðsÞx2 þ � � � þ bpðsÞxm ð20Þ

where x. are the m known regressors, also called explanatory variables and b.(s) are
unknown coefficients, depending on s, to be determined from observations
(yi, xi,1, …, xi,p); i = 1, …, N. Following, the beginning of this section x1 may be
the point forecast of the power production and x2 may be the forecasted wind
direction, which has been shown to have some influence on some quantiles [2].

Given the check function

qsðeÞ ¼
se; e� 0

ðs� 1Þe; e\0

�
ð21Þ

the sample s-quantile can be found by minimizing
PN

i¼1 qs yi � qð Þwith respect to q.
Figure 8 shows the check function for two values of s. Replacing q with the right-
hand side of Eq. 20 leads to the estimates

b̂ðsÞ ¼ argmin
b

XN

i¼1

qsðyi � ðb0 þ b1xi;1 þ � � � þ bmxi;mÞÞ ð22Þ

where b(s) is a vector containing the unknown coefficients. The method by which
the coefficients of quantile models are estimated is based on linear programming
and thus is much more demanding than for linear regression. However, software
for quantile regression is readily available.

Fig. 8 The check function qs(e), for s = 0.25 (left) and for s = 0.75 (right)
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3.2 Meteorological Ensemble Forecasts

It may be argued that the driving force of the situation-dependent uncertainty is the
overall state of the atmosphere in a large region surrounding the area of interest.
This has led to the development of meteorological ensemble forecast products,
where the most well known global models are the Ensemble Prediction System
from the European Centre for Medium-Range Weather Forecasts (ECMWF) and
the GFS-based Ensemble forecast system from the National Centers for Envi-
ronmental Prediction (NCEP) in the United States.

The basis of numerical weather prediction models is a large set of coupled
differential equations describing the processes in the atmosphere. Given a set of
initial conditions, the future development of the atmosphere can then be forecasted
by numerical solution of the differential equations. The initial conditions are
obtained trough a process called data assimilation in which measurements are
assimilated into the model in order to estimate the current state of the atmosphere.
Due to the chaotic nature of the atmosphere, the forecasts are more sensitive to
some initial conditions than others. Ensemble prediction systems essentially
explore the sensitivity of the model to changes in the initial conditions. Following
this the initial conditions are perturbed in directions for which high sensitivity is
expected.

Apparently, the directions in which the initial conditions are perturbed are only
linked to the sensitivity of the model and not to the variance–covariance matrix of
the measurement error. For this reason ensemble predictions cannot be expected to
directly reflect the future development of the weather in a probabilistic sense.
Hence, quantiles, derived directly from ensemble forecasts cannot be expected to
be correct. Nevertheless, ensemble forecasts contain information regarding the
current predictability and may be valuable in determining the conditional densities
of future power productions; ft+k|t(p).

Due to the heavy computational demand of meteorological models, the number
of members in the ensemble is limited and the models are not run as frequently as
normal meteorological models. As an example, the ensemble from ECMWF
consists of one unperturbed member (the control) and 50 members for which the
initial values are perturbed. The calculations are initiated daily at 12:00 UTC and
take 17–18 h to complete. Figure 9 shows an example of such an ensemble of the
wind speed.

An approach to the application of ensemble forecasts in order to produce
forecasts of the conditional density is to use the control forecast in order to
estimate the power curve of the wind farm or region under consideration. Using
this power curve, it is possible to produce wind power ensembles for the period
considered during estimation. For each wind power ensemble the nomial quantiles
of the distribution can readily be found. Given a grouping of the data, e.g., by
horizon, it is then possible to compare the nomial probabilities with the actual
frequency. If the nomial probability and the actual frequencies are approximately
equal the power ensemble can be used directly.
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Figure 10 shows an example of the relationship between nomial probability and
the actual frequencies, when using ECMWF ensembles and an estimated power
curve for the total wind power production in western Denmark [3]. A clear dis-
crepancy is observed and further investigations show that the same behavior is
seen for all horizons and probabilities. As a consequence, a model correcting these
probabilities is needed.

The smooth relationship between the nominal pn and actual pa probabilities can
be modeled using a spline basis expansion [5]. The fluctuating behavior over the
horizon s indicates that the coefficients of the expansion vary with the horizon s.
The resulting model is

log
pa

1� pa
¼ b0 pnð Þh sð Þ þ � ð23Þ

where � is an error term, b(pn) is a column vector representing the spline expansion,
h(s) is a column vector containing the coefficient functions. The logit-transfor-
mation of pa is used to ensure that the forecasted pa will be between 0 and 1.

Fig. 10 Examples of dependence of the actual observed frequencies on the nominal probability
given a specific horizon (left) and on the horizon given a specific nominal probability (right). The
example originates from [4], where data from a small offshore wind farm is used

Fig. 9 An example of a wind
speed ensemble from
ECMWF for the location of
the Klim wind farm
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On the basis of a (training) data set consisting of the actual power production
and meteorological ensemble forecasts, another data set containing all combina-
tions of s, pn, and pa can be constructed as outlined above. Estimation in the model
represented by Eq. 23 can then be accomplished using a local regression
technique.

Finally, it is mentioned that the ensembles considered so far are initial value
ensembles. Another approach to ensemble forecasting is the parametrization
ensembles in which members are generated by altering different aspects of the
meteorological model. This essentially amounts to running several meteorological
models in parallel. While the information contained in parametrization ensembles
can be valuable when modeling ft+k|t(p), it is important to note the conceptual
difference between the approaches. Bayesian Model Averaging has been used by
researchers at the University of Washington to produce probabilistic forecasts of
rainfall [6]. Apparently, the method has not yet been applied to wind power
forecasting.

3.3 Scenario Generation

While a probabilistic forecast as described above contains more detailed infor-
mation than a point forecast, it does not contain all information required to produce
realistic scenarios of future wind power production within the forecast horizon.
The reason for this is that the probabilistic forecast consists of marginal densities
ft+k|t(p); k = 1, …, K and in order to produce realistic scenarios, the joint density of
future wind power production pt+1, …, pt+K, conditional on information at forecast
time t, is required.

Based on the probabilistic forecast ft+k|t(p) and the corresponding observed wind
power production pt+k, an artificial observation zt+k|t from a standard Gaussian
distribution can be generated. Based on a data set, the correlations of zt+k|t;
k = 1, …, K can then be estimated under the assumption that the correlations are
constant across time. Assuming the joint distribution of zt+k|t; k = 1, …, K to be
multivariate Gaussian, it is then easy to produce pseudo random samples from this
distribution. Using the inverse of the cumulative distributions corresponding to the
probabilistic forecast, the random samples from the multivariate Gaussian can then
be transformed back to the scale of the wind power production. The plot in the top
panel of Fig. 2 shows ten scenarios generated as just described. Comparing with
the scenarios obtained using independent sampling in the bottom panel of the same
figure, the potential importance of correct modeling of the joint distribution can be
verified. It is easy to extend the method to allow adaptive estimation of the
correlations, see also [7].

Comparing the figure just mentioned with the wind speed ensemble in Fig. 9, it
is seen that the same kind of information is contained in the ensemble forecast as
in the statistically generated scenarios. The advantage of the latter is that several
thousands of scenarios can be generated on the fly and furthermore it can be
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ensured that the probabilistic forecasts forming the basis of the scenarios are
correct in a probabilistic sense.

4 Upscaling

Upscaling is concerned with the issue of forecasting the total production of a
region when on-line measurements of the total are not available. Instead the
forecast of the total is based on a forecast for a subset of the wind turbines in the
region.

First, consider a point forecast for a subset of the wind farms. Precisely how to
perform the upscaling depends on the type of data available. When only the
installed capacity of the region is known, the straightforward approach is to
upscale by multiplying the point forecast by the ratio between the installed
capacity of the region and the installed capacity of the turbines for which the
forecast is valid. Assuming the turbines for which on-line forecasts are available is
a representative sample from the population of turbines, this procedure is valid and
by analysing the spatial correlation, the standard deviation of the upscaled forecast
can be calculated [8].

However, the turbines/farms for which on-line measurements are available
typically differ in character from the turbines/farms for which such measurements
are not available. For this reason, if relevant data are available, it can be advan-
tageous to use other methods. Typically, for accounting purposes, readings with a
relatively high time-resolution (in Denmark; 15 min) are available for all points in
the transmission grid at which turbines are connected. These data are typically
available as batches on a monthly basis. Assuming that there is no, or very limited,
consumption on the secondary side of these connection points, these data are
valuable for upscaling purposes.

Essentially, such data allow models of the relationship between the forecasted
values for the on-line turbines and the total production to be identified. However,
model updates can only be performed each time a batch of measurements are
available. Given measurements of the total p̂total, the sum of the on-line forecasts
p̂online and meteorological forecasts for of wind speed and direction for the region

of interest, ŵ regð Þ
NWP and d̂ðregÞ

NWP, respectively, a possible upscaling model is

p̂total ¼ h ŵðregÞ
NWP; d̂ðregÞ

NWP

� �
p̂online ð24Þ

That is, the upscaling-factor is modeled as a function of the NWP forecast of
the wind speed and direction for the region. These would usually be defined as
spatial averages over some NWP grid points. The model is a varying coefficients
model. As for the power curve model, other approaches such as artificial or fuzzy
neural networks, can be applied.
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Due to the assumed non-representativeness of the on-line turbines, upscaling of
probabilistic forecasts is not possible. Even if the on-line turbines could be con-
sidered representative for the full population of turbines, upscaling would be
difficult without unrealistic assumptions about the parametric form of the joint
distribution of future power production. As a consequence, if a probabilistic
forecast of the total of a region is to be produced, it is required that measurements
of the total wind power production in the region are available. It is however not
required that these data are available on-line, batch wise availability is sufficient.

5 Evaluation

The model building process starts off by selecting one or more data sets. The
models considered during the process are often compared with the data. Such
comparisons include:

• Model estimation; i.e. estimation of coefficients or coefficient functions.
• Selection of tuning parameters such as forgetting factors and bandwidths.
• Comparison of different model structures.

In principle, it is therefore possible to identify models which fit the particular
data arbitrarily well, especially when many explanatory variables are available.
By such over-fitting the resulting model loses its ability to generalize to new data.
Furthermore, the estimate of performance will be over-optimistic.

In order to limit over-fitting, standard statistical disciplines such as significance
testing and comparison of models via, e.g., cross-validation should be applied
during the model building process. Still, to obtain an unbiased estimate of the
model performance, it is recommended that the selected model is applied to a new
data set. It should be noted that there can be some site effects on the ranking of
models [9].

In summary when sufficient data are available, these should be split into:
Training data: The data on which the model is built, estimation is performed,

and tuning parameters selected.
Test data: The data on which the performance of the selected model is esti-

mated and compared to competing models.
For time-adaptive estimation, the forgetting factor should be selected based on

the training data, but the model will be estimated adaptively when applied to the
test data. The re-estimation must closely mimic the real on-line situation.

The measures used to summarize model performance depend on whether point
forecasts or probabilistic forecasts are considered. These measures will be briefly
described below. For point forecasts, the measures and additional information
which is reasonable to present in the case of wind power forecasting is well defined
and as part of the ANEMOS project on short-term wind power forecasting, a
protocol for model evaluation has recently been published [10]. Probabilistic
forecasts are relatively new within the field of wind power and therefore a similar
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document does not exist for probabilistic forecasts. More work has been done on
the subject within the field of econometrics; see [11] and the references therein.

5.1 Point Forecasts

Let the forecast error et+k|t; t = 1, ..., N - k on the test data t = 1,…, N be defined
as in Eq. 2. Also, for comparison, it is beneficial to assume that the observations
and the forecasts are all normalized by dividing with the installed capacity of the
farm or region under consideration. The following set of performance measures
should be considered:

• The Normalized Root Mean Squared Error for horizon k:

NRMSEk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Ns

X
e2

tþkjt

r
ð25Þ

• The Normalized Absolute Mean Error for horizon k:

NMAEk ¼
1
Ns

X
jetþkjtj ð26Þ

• The Normalized Bias for horizon k:

NBk ¼
1
Ns

X
etþkjt ð27Þ

Here Ns is the number of terms in the sum, which might be slightly lower than
N because all horizons should be compared on the basis of the same time points
and missing values might exist in the test data. Furthermore, to simulate steady on-
line operation, adaptive methods might require an initialization period to be
excluded when calculating the performance measures. The measures NRMSE and
NMAE include both variability and bias. Due to the squared forecast error,
NRMSE assigns more penalty on large errors than NMAE, similarly NRMSE
assigns little penalty to small errors.

If markedly different forecast methods are compared, these may not all be able
to generate forecasts at all time points, possibly because different meteorological
forecasts are used. In this case, it is important that the performance measures are
based on the intersect of time points for which forecasts are available. Here, the
fraction of the time with non-missing forecasts is probably the most important
performance measure to the end-user.

Other performance measures are sometimes used. One example is

R2 ¼ 1�
P

e2
tþk tj

.
R ptþk � �pð Þ2, where �p is the average power production over
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the test data. Hence, R2 is the ratio between the variability explained by the model

R ptþk � �pð Þ2� e2
tþk tj and the overall variability.

Another example is the empirical correlation coefficient rk for horizon k. Except
for the sign, this performance measure is invariant to linear transformations of the
forecast, i.e. using rk the forecasts p̂tþkjt and aþ b p̂tþkjt, where a and b are
arbitrary constants, are considered equally good. For this reason rk cannot be
recommended as a performance measure when comparing competing models.

5.2 Probabilistic Forecasts

When evaluating the performance of a probabilistic forecasting system, it is
important to consider to what extent the system is actually producing correct
quantiles, e.g. it must be verified that in 75% of the cases the actual production is
below the 75% quantile in the forecasted distribution. This property is called the
reliability of the system. As an example, Fig. 11 displays reliability diagrams
obtained from the results of an actual probabilistic forecast application.

Besides the reliability, the precision of the forecast must be addressed.
Sharpness measures the average precision, e.g. the average of the distance between
25 and 75% quantiles. Resolution measures the variation in precision, e.g. the
standard deviation of the distance between 25 and 75% quantiles. High resolution
indicates that the system is able to differentiate between situations with low and
high predictability. The concept originates from meteorology [12], but for models
identified using data, some part of the resolution will be artificial in the sense that
it originates from random estimation error. Generally, this error has zero mean and
therefore, it will not influence sharpness in a systematic way.

When comparing several forecast systems, these should only be compared with
respect to sharpness and resolution if they are all reliable to some accepted degree.

Fig. 11 Actual frequencies
versus nominal probabilities
when grouping by horizon in
hours as indicated on top of
each plot. The example
originates from [3], where the
results of an actual
application is analysed. The
results are based on 8 months
of data
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One difficulty with such an approach is that exact reliability can probably not be
achieved in practice. It should also be noted that the observed frequency is an
uncertain estimate, for which the variance cannot easily be estimated due to the
inherent correlation between consecutive multi step (k [ 1) forecasts. Hence, in
practice, some degree of non-reliability must be accepted. In turn, this may affect
other performance measures, e.g. a slightly too narrow distribution might be
accepted as approximately reliable and in terms of sharpness this will be rewarded.

Also, reliability can only be investigated by grouping the data, e.g. by horizon,
in bins defined by the forecasted wind speed or direction, or other explanatory
variables. In principle the bins can also be defined in multiple dimensions. Unless
the test data set is very large, in practice, this will thin the number of observations
in each bin to an extend, where the uncertainty on the estimated probabilities is too
large.

As an alternative, a skill-score can be used. In [13], desired properties of a skill-
score are discussed and the concept of a proper scoring rule is defined. It is shown
that for a probabilistic forecast and the resulting quantiles q1, q2, …, q‘ with
nominal levels s1, s2, …, s‘ the following form of a skill-score is proper

X‘
i¼1

sisiðqiÞ þ ðsiðpÞ � siðqiÞÞI½p� qi� þ f ðpÞð Þ ð28Þ

where p is the actual power production, I[] is the indicator function which takes the
value 1 if its argument is true, and 0 otherwise, si are non-decreasing functions
and f is an arbitrary function. The skill-score defined by Eq. 28 is positively
rewarding. Considering a single quantile s, the score in Eq. 28 is equal to
ssðqÞðsðpÞ � sðqÞÞI½p� q� þ f ðpÞ. Selecting the function s to identity and
f pð Þ ¼ sp, the score � s� 1ð Þ p� qð Þ is obtained if p� q and the score �s p� qð Þ
is obtained if p [ q. Comparing with the estimation criterion used in quantile
regression, and especially with the check function Eq. 21 qsðp� qÞ, reveals that
the check function is a negative skill-score.

A skill-score, as defined above, is valid for one observation p and a corre-
sponding forecast. To apply the method to a test data set, we will sum the scores
over the test data set and, e.g. group by horizon. The score summarizes both
reliability and sharpness and therefore, in principle, the reliability assessment is
not required. However, due to the absolute nature of the requirement of reliability,
it is recommended that this is addressed separately.

To further verify the appropriateness of the quantile forecasting system, the
spread/skill relationship is often considered. Here the relationship between the
magnitude of the observed forecast error of a point forecast and the uncertainty
indicated by the quantile forecast system is analysed. The point forecast could be
the forecast originating from the unperturbed scenario or it could be the 50%
quantile forecast.

As examples of how these methods are applied to actual evaluation of proba-
bilistic forecasts generated over a test period, the reader is referred to [3],
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where the results of an actual application based on meteorological ensemble
forecasts is evaluated, and to [14] where skill scores are also considered.

The precision by which the reliability is estimated has not yet been addressed.
Assuming independence between time points, exact or approximate confidence
intervals based on the Binomial distribution can be constructed. Similarly, v2-tests
can be applied in order to test the correctness of the probabilistic forecasts.
However, for multi step forecasts, the assumption of independence is unattainable,
thus completely violating the assumptions underlying standard statistical proce-
dures. As a result, due to correlation, the uncertainty of the estimates of reliability
is higher than expected from the assumption of independence. This is demon-
strated in [11].

At the current stage, no definitive recommendation can be made regarding the
handling of correlation. It is however clear that, if the correlation is removed by
considering only a small random sample from the data, the results would be
inconclusive. A far more promising procedure seems to be block-wise boot-
strapping [15] or smooth spectrum resampling as suggested in [16].

6 Bibliographical Notes

The plots shown in the introduction of this chapter are based on the probabilistic
forecast system and the data described in [3]. The point forecast is based on the
unperturbed member in the ECMWF ensemble and the direction-dependent power
curve estimated as described in the reference. The standard deviations forming the
basis of the error bands of the point forecast are calculated from the entire data set
in the reference. This also holds for the variance–covariance matrix illustrating the
conditional scenarios.

The simple point forecast which mix persistence and mean predictors was
originally suggested in [17]. The RLS-algorithm with and without forgetting is
described in [18]. In [8], a detailed account for physically based short-term
forecasting of wind power is given, see also [19] and the references therein. Details
regarding Prediktor can be found in [20, 21] and on the homepage mentioned
above.

The main paper on varying coefficient models is [22] which addresses a class of
models somewhat larger than considered in this chapter. Considering conditional
parametric models where all coefficient functions depend on the same external
variables, a comprehensive description can be found in [23]. Adaptive and
recursive estimation in such models is described in [24]. Combined forecasting
was originally suggested by Bates and Granger [25]. With respect to wind power
forecasting see [26, 27] and the references therein.

Overviews of some short-term point prediction systems and methods can be
found in [28–30] and as part of the ANEMOS project on short-term wind power
forecasting an interesting comparison of different forecasting systems across sites
with markedly different characteristics has been published in [9].
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Quantile regression is described in [31] and application to wind power fore-
casting is described in [2], where the non-linearities are modeled using spline basis
expansions. The benefit of adaptive quantile estimation is demonstrated in [32].
A similar method based on re-sampling is described in [33] and the two methods
are compared in [14]. The method based on meteorological ensembles is briefly
described in [3], more details can be found in [4, 34].

The upscaling model (Eq. 24) is used in Zephyr/WPPT (Wind Power Prediction
Tool), see e.g., [35] and http://www.risoe.dk/zephyr. Other approaches to the
upscaling problem include [36, 37].

As part of the ANEMOS project mentioned above, a protocol on evaluation of
wind power forecasts has been published [10]. Evaluation the evaluation of
probabilistic forecasts follows the ideas used in meteorology [38]. The application
to wind power forecasting is discussed in [14]. The inappropriateness of, e.g.,
v2-tests is demonstrated in [11], see also [39].
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Analysis of Wind Turbine Loads

Helge Aagaard Madsen and Kenneth Thomsen

The analysis of wind turbine loads is an important discipline within wind turbine
technology. Though it is performed widely by the wind turbine industry and wind
turbine certification institutes, it also plays an important role in wind energy
research. The objectives of such an analysis can be quite different, as for example
exploration of system dynamics, verification of design loads and validation of
aerodynamic and aeroelastic models.

Generation of the loads on a wind turbine is schematically shown in Fig. 1.
Wind is the main input to the system but often there are other site parameters
which contribute to the loads. For example there are wave loads on the foundation
for an off-shore installation. As most wind turbines are within wind farms, wake
generated loads are also important. Additional input is control parameters, shown
here as separate input to the wind turbine for clarity, although the control system
normally is fully integrated in the wind turbine. The output from the wind turbine
is mechanical or electrical power accompanied with loads on the system.

Analysis of the loads is the main subject of the present chapter but to have a
firm basis for interpretation of the loads, a description of the origin of the loads is
presented first. Then follows the loads analysis methods and procedures which are
used for certification purposes.
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1 The Origin of Wind Turbine Loads

Loads can either be measured on a turbine or simulated with a numerical code.
Nowadays, design of MW turbines relies heavily on simulations with so-called
aeroelastic models as building different prototypes would be too costly. Different
aeroelastic codes are used by the industry. Some examples are FLEX4 [1], HAWC [2],
BLADED [3] and HAWC2 [4].

Such codes can in principle simulate the complete wind turbine system as shown
in Fig. 1. The codes have separate modules for simulation of the wind and of the
waves and also complete modules for the whole wind turbine control system.

Simulated loads will mainly be used in the present chapter as it has the advantage
that the input parameters can fully be controlled. This enables, for example, the load
response from the different input parameters to be clearly illustrated. However, a
few examples with measured loads from operation in wakes will also be presented.
The loads analysis will mainly be from simulations on the three-bladed turbine
concept with an upwind rotor. A few cases from a two-bladed downwind rotor also
would be presented to illustrate the loading from the tower shadow.

Most of the results for the three-bladed concept will specifically be from sim-
ulations on a 5 MW reference wind turbine (RWT) [5] with design parameters set
up only for the purpose of aerodynamic and aeroelastic simulations. However, the
turbine design parameters are typical for modern MW turbines of a similar size.

2 Influence of the Mean Wind Speed

The primary parameter influencing the turbine mean loads is the mean wind speed.
A typical operational range for a turbine is from 3 to 25 m/s, at which wind speed
the turbine is shut down. The variations of the turbine electrical power output Pe

and some load components are shown in Fig. 2.

Wind  Turbine 

Wind   

     Control 

  Power & Loads 

Other site parameters  

Fig. 1 Schematic illustration
of the loads on a wind turbine
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Between 11 and 12 m/s the turbine reaches its nominal electrical power output
of 5 MW and above this wind speed, Pe is kept constant by pitching the blades so
that the effective angle of attack is reduced. Below rated power the rotor rotational

Fig. 2 Different loads and control parameters as function of mean wind speed

Analysis of Wind Turbine Loads 135



speed nrot increases as function of wind speed in order to track a constant, max-
imum rotor power coefficient CP. The tower bottom bending moment MXtow

reaches a maximum at rated power and then decreases considerably for higher
wind speeds due to the pitching of the blades. The same trend is seen for the
flapwise blade root bending moment MXflap in Fig. 2.

3 Loads from Wind Shear

For smaller rotors, the wind shear does not contribute much to the total loading.
But for bigger rotors with rotor diameters now exceeding 120 m, the variation in
average wind speed for the blade in bottom position to the blade in top position can
be considerable and thus cause important dynamic loading. The wind shear
depends heavily on the atmospheric stability conditions which often show a 24 h
cycle. During the night the conditions are stable due to cooling of the surface and a
strong shear is developing. However during daytime the surface will be heated
again and a mixing in the boundary layer will reduce the shear.

As an example, the wind speed measured over a period of 1 day at six different
heights at the test site for MW turbines at Høvsøre [6] in Denmark is shown in
Fig. 3. At around 18:00 o’clock, a strong wind shear developed with a maximum
difference in wind speed of about 5 m/s from height 40 to 116 m, which is within
the typical span of vertical position for the tip of a MW turbine. In the lower part
of the graph, the wind direction measurements at three heights show that a con-
siderable change in wind direction as function of height is linked to the strong
wind shear. During daytime the wind shear almost disappears.

The dynamic loading from wind shear is mainly seen on the blades and in
particular on the flapwise blade root moment MXflap (Fig. 4). A simulation was run
with a specified strong shear in the inflow and compared with a simulation with no
shear. The shear causes a 1p variation in the flapwise moment, but still the
amplitudes are small when compared with the variations in the edgewise moment
due to the gravity of the blades.

4 Loads from Blades Passing the Tower

Almost all of the new turbines build today have a cylindrical tower and have the
rotor on the upwind side of the tower. In this case, the load changes from the small
distortion of the flow from the tower are of minor importance compared with the
other types of loads. Most aerodynamic and aeroelastic models use a tower flow
model based on the potential flow solution for flow around a cylinder. An example
of a simulation using such model for the 5 MW RWT turbine at 8 m/s is shown in
Fig. 5. It is seen that there is a maximum flow distortion about 1 m/s, but the
influence on the variation of the lift on the blade is seen to be small. In some
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Fig. 3 Measured wind data at the Høvsøre Test site for MW turbines in Jutland, Denmark [6]
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Fig. 4 Influence of wind shear on the flapwise and the edgewise blade root moment

Analysis of Wind Turbine Loads 137



situations with complex inflow to the rotor and where the blades bend considerably
and thus are much closer to the tower, the influence from the tower on the loads
can be more important.

However, for a rotor on the down wind side of the tower, the influence of tower
on the loads is much more severe. For such turbine concepts as in the two-bladed
teetering rotor (which has the rotor on the downwind side of the tower in order to
increase the blade to tower clearance), direct loading on the structure from the
blades passing the wake of the tower is more important. Another aspect is the
generation of low frequency noise as investigated in a recent paper [7] for a two-
bladed, downwind version of the 5 MW RWT turbine.

In this paper two different methods were used to compute the flow behind the
tower. One model was a simple engineering model computing the steady deficit
based on the boundary layer equations for a jet (named JET wake model). The
other model was a 3D Navier–Stokes Solver EllipSys3D [8–10] computing the
flow around a 16 m section of the tower. The iso-vorticity surface plot in Fig. 6
shows clearly the unsteady flow behind the tower due to the vortex shedding. The
time trace of the computed thrust using the two different tower wake simulation
models is shown in Fig. 7. The importance of modeling the unsteadiness in the
wake flow from vortex shedding is clear, when comparing the thrust with
the steady JET wake model. Details of the local aerodynamics on the outer part of
the blade in Fig. 8 reveal the strong variation in lift coefficient. In general, it can be
concluded that, for a down wind turbine the dynamic loading from the blade
passing the tower deficit can be of major importance for the turbine response and
generation of low frequency noise.

Fig. 5 Influence of the tower distortion of the flow for an upwind rotor, 5 MW RWT turbine, at
8 m/s with flexible blades. Data for the tip of the blade
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5 Loads from Wake Operation

The loads due to wake is becoming more and more important as almost all turbines
now are build in wind farms or smaller clusters. Often, there will be an economic
incitement to minimize the spacing between the turbines in order to save costs for
land and costs for cabling between the turbines.

Based on a comprehensive analysis of measurements from wind farms, a rather
simple methodology to take into account the increased loadings in wake operation

Fig. 6 Iso-vorticity surface
of the flow around a circular
cylinder with a diameter D of
4 m, a length l equal to 16 m
and at a wind speed of 8 m/s.
In the top of the figure a
contour plot of the vorticity is
shown to illustrate the
complexity of the flow
structure right behind the
cylinder. Figure from [7]

Fig. 7 Rotor thrust for a downwind, two-bladed rotor at 8 m/s. One simulation was carried out
with the CFD unsteady wake data read into the aeroelastic simulation model (solid line). In the
other simulation (dashed line) the tower wake deficit was simulated with an engineering steady
model using a boundary layer solution for the development of a deficit in a flow. Figure from [7]
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has been developed [11] and now incorporated in the standard for wind turbine
certification IEC61400-3 [12]. In short the basic idea in the method is that the
different modifications of the flow in the wake influenced by turbine spacing,
ambient wind speed and turbulence can be converted to an increase in the effective
turbulence. As an example the measured increase in loading under wake operation
for two wind turbines in the Vindeby Offshore Wind farm is shown in Fig. 9 [11].
Up to a 100% increase in loading is seen for the operation under wake compared
with free inflow.

However, during the last few years there has been an increasing demand from
the industry to have more detailed analysis models for wake operation in order to
compute more accurate design loads, for example in the design of the yaw

Fig. 8 Details of the variation of local lift coefficient on the outboard part of the blade from the
simulation described above in Fig. 7

Fig. 9 Variation of the equivalent flapwise load for two turbines situated in the Vindeby
Offshore Wind farm shown as function of wind direction at a wind speed between 8 and 9 m/s.
Graph from [11]
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drive systems. Also, for development of advanced control systems with individual
pitch control for load alleviation, there is a need for such more detailed analysis
models.

One example of a model with more detailed description of the flow mechanism
in the wake has recently been presented [13]. The main elements in this model are:
(1) the wake deficit (2) the meandering of the deficits and (3) increased wake
turbulence. The mechanism of wake deficit meandering is considered as the most
important mechanism for the dynamic loading in wake operation in this model and
the influence of wake deficit meandering seems to be confirmed by measurements
as illustrated in Figs. 10 and 11. The measured flapwise load and the yaw moment
during a half wake operation for a 2 MW turbine is shown in Fig. 10 together with
a measurement of the local inflow angle to the blade. From the amplitudes in local
inflow and flapwise moment, it is seen that within one 10 min period, the wake
influence changes from negligible to considerable level. This is caused by
meandering of the wake deficit as indicated by variation of the yaw moment which
will increase during half wake situations. The same tendencies in variations of the
considered parameters are clearly seen in the simulation of the same wake oper-
ation case in Fig. 11. To summarize, the loading from wake operation is certainly
an important contribution to the total loading on wind turbines operating in wind
farms. Load simulation models are under further development for this important
load case.

Fig. 10 Measured local inflow angle to the blade, flapwise blade root bending moment and yaw
moment during half wake operation of a 2 MW turbine at 10 m/s [13]
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6 Loads from Turbulence

Turbulence in the inflow to the wind turbine rotor is the most important driver of
the dynamic loads which can lead to failure of wind turbine components due to
fatigue. Different models to simulate the turbulent structures have been derived
among which the Mann model [8] and the Veers model [14] are the most com-
monly used. The Mann model is based on a model of the spectral tensor for the
atmospheric boundary layer and allows the generation of all three velocity com-
ponents in the turbulence. It is widely used in aeroelastic simulations. An example
for the generated turbulence time series, for an average wind speed of 18 m/s over
a period of 600 s (only 25 s are shown) and with turbulence intensity of 14%, is
shown in Fig. 12.

The considerable difference in the turbulence at a fixed point in space and for a
point on the rotating blade is illustrated in Fig. 13. At the point on the inner part of
the blade, the turbulence velocity component vy is almost the same as in the fixed
point coinciding with the hub center. However, at the tip of the blade vy is quite
different and the mechanism is the so-called ‘‘rotational sampling of the turbu-
lence’’ caused by the bladed slicing through the big structures of the turbulence.
This mechanism is fundamental for the characteristics of the dynamic loading of a
rotating wind turbine blade and is concentrating the aerodynamic load input

Fig. 11 Simulated local inflow angle to the blade, flapwise blade root bending moment and yaw
moment during half wake operation of a 2 MW turbine at 10 m/s [13]
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at 1p, 2p, 3p etc. Finally, the dynamic flapwise blade force at the tip of the blade is
shown in Fig. 14 and compared with the response of the blade in the form of the
flapwise blade root moment which is seen to have a high dynamic content.

Fig. 12 Generated turbulence with the Mann model—data at hub center with a turbulence
intensity of 14% and an average wind speed of 18 m/s

Fig. 13 A comparison of the longitudinal turbulence component vy at a fixed point (hub center)
and with vy at a point at the tip of the rotating blade
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7 Loads from Waves

Wave loading on the bottom of the tower is an important load type for off-shore
turbines. The increased loads are mainly seen on the tower and in particular the
supporting foundation submerged in the water. In the example shown in Fig. 15,
the 5 MW RWT turbine is placed on a 30 m long monopile. Regular waves with a
height of 3 m and a wave time of 10 s are generated and applied on the monopile.
This loading is then combined with the wind turbulence on the rotor. It is seen that
both load types are comparable in magnitude, though the frequency level varies.

8 Analysis of Loads for Design and Certification

The primary objective of simulation of loads for wind turbines is to be able to
design the turbine components to an appropriate safety level and to ensure the
structural integrity of the turbine and its sub components.

As part of the design process—and to ensure the safety level—most turbines are
subjected to a certification process. Usually two different approaches are followed
here: a new turbine design is often subjected to a type of certification process,
while a turbine with design modification for a specific site (e.g. a new tower or
foundation) can be subjected to a project certification process. The main difference
between these two certification types is that, where a type certification typically is

Fig. 14 The flapwise aerodynamic force at the tip of the blade and the flapwise blade root
moment
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based on environmental conditions from design standards, the project certification
is based on site specific conditions for the actual site.

9 Standards Used in Certification

The dominant international standard for design of wind turbines is the IEC61400-1
standard [15] for on-shore wind turbines and the IEC61400-3 standard [12] for
offshore wind turbines. The latter one is often used in combination with the DNV
offshore standard [16].

These standards are classification standards, meaning that they operate with a
number of turbine design classes which can be chosen for a specific design. For
each of these classes, a set of environmental conditions (e.g. mean and extreme
wind speeds) are provided and the design of the turbine is based on these envi-
ronmental conditions.

When the turbine is considered for a specific site at a later stage, a site-
assessment process takes place. In the site-assessment process, the structural
integrity of the turbine and the sub components must be demonstrated—based on
an assessment of the site complexity and the actual wind conditions at the site.
Two different approaches can be followed: It can be demonstrated that all the
environmental conditions at the actual site is less severe than the design (standard)
conditions used for design of the turbine and its components, or it can be

Fig. 15 The combination of wave loads on the tower and wind loads on the rotor. Turbine on a
30 m monopile and 30 m water depth
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demonstrated that the structural integrity of the turbine components is sufficient for
the site-specific conditions.

A site-assessment is often based on the last mentioned approach: the structural
integrity is demonstrated for the site-specific conditions, since it is often the case
that some parameters in the set of environmental conditions are more severe than
the design conditions, while other parameters are less severe than the design
conditions.

To exemplify the basic conditions provided in the standards, the IEC61400-1
classes are given in Table 1.

The parameters comprise of values for the 50-year extreme wind speed (and
annual average wind speed) together with parameters describing the turbulence
intensity as in Fig. 16. The designer can now choose a turbine class and all
relevant parameters needed for establishing the design load basis as provided in the
standard.

A large number of load cases and situations are given in the standards, aiming
at representing the most significant conditions that the turbine may experience
during its life time. The load cases consist of a combination of operational modes
and external conditions. The operational modes cover normal power production,
fault conditions and special modes like transport and assembly. The external
conditions comprise different wind situations and other load generating conditions,
for example earthquake and lightning.

The list of load cases from IEC61400-1 is given in Table 2. The load cases are
combinations of turbine mode and appropriate external conditions. The turbine
modes consist of normal power production, power production with faults, start-up
and shut-down cases, normal parked condition, parked condition with faults and
special cases representing transport, assembly, maintenance and repair. For each of
the turbine modes listed, corresponding wind and other conditions are provided.

Sample time series of selected sensors are illustrated in Figs. 17 and 18, for two
load cases that are extreme operating gust during normal production and extreme
turbulence intensity during normal production. The first case is simulated without
turbulence while the second case is a situation with turbulence.

Table 1 Overview of turbine classes in IEC61400-1 [15] (ed. 3.0 ‘‘Copyright � 2005 IEC
Geneva, Switzerland, www.iec.ch’’)

Wind turbine class I II III S

Vref (m/s) 50 42.5 37.5 Values specified by the designer
A Iref (–) 0.16
B Iref (–) 0.14
C Iref (–) 0.12

Vref is the reference wind speed for the classes, corresponding to the 50-year mean value (and five
times the annual average wind speed) and Iref is the expected value of the turbulence intensity at
15 m/s
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10 Fatigue Load Analysis

The main objective of the fatigue load analysis is to ensure the design against all
load variations occurring during the life time. This means that all possible load
cases must be considered and combined and the total fatigue loads are an accu-
mulation of these load cases.

For a given component, the reference value for the fatigue loads are the SN-
curve, describing the fatigue life in number of load cycles (N) as function of the
stress or strain level (S) as in Fig. 19. This curve depends on the specific material
used, and it is usually established using constant amplitude load cycles at different
stress or strain levels. For a constant amplitude load time series, it is straightfor-
ward to evaluate whether the component will fail due to fatigue—at the correct
stress/strain level it must be checked if the number of load cycles are larger or
smaller than the fatigue limit from the SN-curve.

Wind turbine load time series are not constant amplitude load series and some
effort must be put into converting the (often) stochastic load time series into a
format where it is possible to compare with the SN-curve values.

For this a counting procedure is applied—usually the Rainflow counting
method, where load cycle amplitudes and corresponding number are counted. The
result of the Rainflow counting is a histogram of load cycle levels and number of
load cycles at each level. Typically, the number of load levels is 30–50.
An example is illustrated in Fig. 20.

The Rainflow counting can be considered as a simple rearrangement of the
original load time series as in the schematic illustration in Fig. 21. A complete
Rainflow cycle counting procedure includes a registration of the mean level for
each load cycle, too. This is important for some materials due to the dependency of
the fatigue properties (SN-curve) from mean stress/strain level.

In order to quantify the fatigue impact for a wind turbine component, the
fatigue damage is introduced. For a single load range Ri the definition of the
fatigue damage is: di = 1/Ni, where Ni is the acceptable number of load ranges
from the material SN-curve. The basic assumption for this is the Palmgren-Minor

Fig. 16 Turbulence
intensities from IEC61400-1
[15] (ed. 3.0 ‘‘Copyright �
2005 IEC Geneva,
Switzerland, www.iec.ch’’)
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linear damage rule, stating that the damage from several load ranges can be added
linearly. The damage caused by a number of load ranges ni, at the load range Ri is:

Di ¼ ni di ¼
ni

Ni
ð1Þ

 15

 17.5

 20

 22.5

 25
(a)

(b)

(c)

(d)

(e)

 40  45  50  55  60  65  70

V
y 

[m
/s

]

TIME [s]

 10

 12

 14

 16

 40  45  50  55  60  65  70

n R
O

T
 [r

pm
]

TIME [s]

 10
 12
 14
 16
 18
 20

 40  45  50  55  60  65  70P
IT

C
H

 A
N

G
LE

 [d
eg

.]

TIME [s]

-120000

-70000

-20000

 30000

 80000

 40  45  50  55  60  65  70

M
X

to
w

 [k
N

m
]

TIME [s]

-15000

-10000

-5000

 0

 5000

 40  45  50  55  60  65  70

M
X

fla
p 

[k
N

m
]

TIME [s]

Fig. 17 Sample simulation EOG gust during normal operation. a Wind, b rotational speed,
c Pitch, d tower bottom moment and e flapwise moment
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By this definition of di, it follows that if Di = ni di equals unity, fatigue failure
will occur. Assuming a linear relation between the material stress level and the
number of cycles in a log–log plot:

log S0 �
1
m

� �
log Ni ¼ log Si ð2Þ
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Fig. 18 Sample simulation extreme turbulence at 18 m/s. a wind, b electrical power, c tower
bottom bending moment, d flapwise blade root moment, e edgewise blade root moment
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Fig. 19 Establishment of the SN-curve

Fig. 20 Rainflow counting of a stochastic time series
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or

Ni ¼
S0

Si

� �m

ð3Þ

where S0 is the stress corresponding to N = 1 (the static strength), Si is the stress
corresponding to Ri and m is the SN-curve exponent, the damage can be expressed
in the stress level as:

Di ¼ ni di ¼
ni

Ni
¼ ni

S0=Sið Þm ¼
ni Sm

i

Sm
0

ð4Þ

Since damage is usually used as a relative measure of fatigue impact, this is
often simplified to (neglecting S0

m and converting to load ranges instead of stress
ranges):

Di ¼ ni di ¼ ni Rm
i ð5Þ

which now express the total relative damage from load level i. The total damage is
obtained by adding the relative damage contribution corresponding to several load
ranges of different size, linearly:

D ¼
X

ni Rm
i ð6Þ

The damage is a rather unphysical quantity and it is usually more convenient to
evaluate the fatigue impact in more physical quantities. We now define a damage
equivalent load range Req and the corresponding number of load ranges neq, which
cause the same damage as the real load spectrum with several load levels, Ri(ni):

D ¼
X

ni Rm
i ¼ neq Rm

eq ð7Þ

Fig. 21 Rainflow counting is a rearrangement of the original time series
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which can be expressed as

Req ¼
P

ni Rm
i

neq

� �
ð8Þ

This definition of the damage equivalent load range is well known in fatigue
analysis and often used in wind turbine load analysis.

If several load cases are to be combined (for example different wind speeds),
the number of load cycles in all load ranges can be added according to a prescribed
probability of the different load cases. Afterwards, the life time equivalent load
range can be calculated, as described previously. Often this is now denoted the life
time equivalent load range.

11 Ultimate Load Analysis

The objective of the ultimate load analysis is to ensure the structural integrity
against the largest loads experienced during the life time of the wind turbine or its
components. Usually, two different approaches are applied for this.

For extreme load cases, for example with a return period of 50 years, a direct
simulation method is used. Several load simulations are carried out, and the design
load is the average value of the maxima for each simulation. For other load cases,

Fig. 22 Illustration of an extrapolated probability function. From IEC61400-1 [15]
(ed. 3.0 ‘‘Copyright � 2005 IEC Geneva, Switzerland, www.iec.ch’’)
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e.g., during normal operation, the duration of the simulations is very short com-
pared to the duration of the situations in real life. This must be accounted for in the
analysis of these load cases. In the IEC61400-1 [15] standard, methods are pro-
posed to take this into consideration.

These methods are based on the assumption that the largest load values occur at
widely separated times and are statistically independent. This means that the
extreme values of the load signals follow a Gumbel distribution:

ProbðFext [ F given V ; TÞ ¼ 1� ððFmaxðF given VÞÞÞEðn given V;TÞ ð9Þ

where Fmax(F given V) is the short term probability distribution function of the
local maxima for the load signal process, and E(n given V,T) it the average number
of local maxima in the time T (Fig. 22).

The combination of all load cases must be considered, and this involves inte-
gration from cut-in wind speed Vin to cut-out wind speed Vout:

Prob Fext [ F given Tð Þ ¼ Pe F; Tð Þ ¼
ZVout

Vin

Prob Fext [ F given V ; Tð Þp Vð ÞdV

ð10Þ
where p(V) is the probability of the wind speed V. The acceptable probability
relates directly to the integrated probability and the return period time Tr:

PeðF; TÞ ¼
T

Tr
ð11Þ

An example of the analysis is given in IEC61400-1 [15], where a systematic
description of the procedure is given too. Once the ultimate loads are identified,
the design can be checked directly to ensure the proper structural integrity.

12 Typical Design Conditions

In order to illustrate the importance of different load cases for the accumulated
fatigue damage, a very simplified load basis is considered (Figs. 23, 24, and 25).
In total, 38 load situations are considered, #1 to #24 being the normal operation
cases, #25 to #31 being start, stop and error situations and finally #32 to #38 being
stand still situations. It must be stressed that this load basis is simplified, whereas
several hundreds of simulations are required in a real design situation.

In the figures, the relative damages for these load cases are illustrated for
selected load sensors. The main conclusion from this is that all load cases are
important. The fatigue damage for some sensors is dominated by few load cases,
but for other sensors, other load cases can be the important ones. As an example
there is a big difference of the relative damage distribution for the edgewise and
flapwise blade root moment as depicted in Fig. 23. The reason is that the edgewise
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Fig. 23 Distribution of fatigue damage for a simplified load basis, consisting of 40 simulations.
Upper plot is flapwise blade root moment and lower is edgewise blade root moment

Fig. 24 Distribution of fatigue damage for a simplified load basis, consisting of 40 simulations.
Upper plot is rotor thrust force and lower is shaft bending moment
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dynamic loading is mainly due to dynamic loads from the gravity of the blade
whereas the flapwise dynamic loading is mainly due to aerodynamic forces from
the turbulence.
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Power Regulation Strategies for Wind
Turbines

Mario Garcia-Sanz, Marta Barreras and Pablo Vital

Wind energy has widely grown through the last two decades. Due to the significant
increase of the number of wind turbines connected to the grid, new technologies
aimed to assure power system quality and stability have become an important area
for research and development [1, 2]. In particular, the design of advanced control
techniques has recently emerged as a crucial issue for wind energy to penetrate
into the electrical market. On the other hand, the need of more reliable control
systems has become even more crucial with the increasing size of the machines
and the related shift of their natural frequencies [3–5]. As wind turbines become
larger and more flexible, the design of innovative control strategies with load
reduction as an explicit objective turns out to be more critical [6, 7].

As a first approach, some of the main control objectives to take into account in
the design of a WT controller should include some of the following aspects:

• Reliability and availability: The design of advanced control techniques has to
improve the reliability, long-term operation and high availability of the
machines [8]. These features are even more relevant for offshore turbines due to
the limited accessibility [9].

• Energy capture maximisation: The first requirement for turbine’s control algo-
rithms is to maximise the energy capture over the low-medium operating wind
spectrum. This means to optimise the conversion efficiency below rated wind
speed conditions and to limit energy production above rated in order to mini-
mise the mechanical fatigue of the turbine structure [10].
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• Mechanical load and fatigue attenuation: As turbines increase in size, allevi-
ating structural loads plays a more important role in the design of controllers
[6, 11]. Thus, one of the main purposes of the control system is to keep both the
maximum mechanical loads on the turbine structure and the mechanical fatigue
within the design limits. The latter is usually more critical because wind turbines
are normally designed for a lifetime of 20 years.

• Provide damping: The mentioned increase in size of wind turbines leads to
bigger blades and lighter and more flexible structures. As a consequence, the
tower shifts its structural modes towards lower frequencies and the blade itself
provides less damping. The natural flap (out of-plane) frequency of the blades
also decreases as the size increases. The control system must ensure that the
dynamics of the WT are sufficiently damped to avoid resonant modes in the
closed-loop system that may be excited by external disturbances.

• Energy quality and grid stability: In the last few years, wind power quality
demand has become essential since the increase of the number of wind farms
has brought a significant impact on system stability and operation [1, 2]. Thus,
the controller must assure the quality of the power supplied, including the ability
to: (a) react to sudden voltage dips; (b) avoid power flickers; (c) correct the
power factor; (d) contribute to control the grid frequency; (e) regulate the
voltage; and (f) provide low harmonics content.

This chapter introduces the main characteristics and strategies of the control
system for wind turbines (WT).

1 Control Strategies

Roughly speaking, there are essentially two types of wind turbines: specifically
constant speed and variable speed machines. Until the end of the 1990s, the
constant speed concept dominated the market. Nowadays, it still represents a
significant part of the operating wind turbines, but gradual innovation has led to
the emergence of variable speed designs.

Alternatively, there are three main strategies for regulating the amount of power
captured by the rotor: passive stall control or fixed pitch [12, 13], variable pitch
control [14, 15] and active stall control [16]. So far, over the whole size range, no
one of them has taken the lead over the others. However, as machines get larger
and the loads greater there is a trend toward pitch control and active stall control.

1.1 Constant Speed Wind Turbines

The configuration of a fixed speed wind turbine is based on a gearbox and an
asynchronous generator, which is usually a squirrel cage induction generator to
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reduce costs (e.g. NEG Micon NM72/2000, Bonus 1300). The gearbox speeds up
the rotational shaft speed from the rotor to a fixed generator speed (see Fig. 4). The
generator produces electricity through a direct grid connection with a set of
capacitors to compensate reactive power. Due to the lack of a frequency converter,
the generator speed is dictated by the grid frequency.

One of the main drawbacks of the fixed speed operation is the poor aerody-
namic efficiency, particularly at partial load operation. From the electrical sys-
tem’s point of view, another disadvantage is that this type of operation gives only a
limited power quality because asynchronous generators demand reactive energy
from the grid. This is the reason why they have to be connected through a set of
capacitors. On the other hand, wind gusts provoke higher mechanical load vari-
ations and these wind fluctuations lead also to fluctuations of the generated
electrical power.

1.2 Variable Speed Wind Turbines

Many different options have been developed to achieve some degree of speed
variation [17]: (a) dual speed generators with pole switching; (b) high slip asyn-
chronous generators for a low range of variable speed; (c) doubly fed induction
generators for a moderate range of variable speed; and finally (d) direct drive
systems for a wide range of variable speed. These techniques improve sound
aspects and energy capture at low winds, and power quality at high winds.

Dual speed means that, by changing the number of pole pairs, the rotor spins at
two different speeds: a lower speed at low winds, which improves performance and
reduces noise emission; and a faster speed (lower number of poles) at high winds
(e.g. Vestas V82-1.65, NEG Micon NM900/52).

Another alternative of the popular squirrel-cage asynchronous generator is the
so-called slip control method, which adjusts the slip continuously (e.g. Vestas
V80-1.8, V90-2.0). In this case, a wound rotor is connected to some variable
resistors through slip rings. By changing the electrical resistance of the rotor it is
possible to compensate small changes in rotational speed of about 10% of variation
above synchronous speed, without varying the generator output frequency. The
main drawback of this design is that the slip rings wear easily due to the move-
ment. Some companies overcomes this difficulty by using an optical fibre to avoid
physical contact [18].

Another approach which has a considerable dominance in the current market is
the doubly fed induction generator (DFIG), also called wound rotor induction
generator [19]. In this machine the stator windings are directly connected to the
grid and a partial scaled frequency converter links the standard wound rotor and
the grid (e.g. Gamesa G80-2.0, General Electric GE-1.5/77, Dewind-D70-1500).
This configuration allows the machine to control the slip in the generator, and so
the rotor speed can vary moderately, achieving a better aerodynamic efficiency.
Besides, as the converter controls the rotor voltage in magnitude and phase angle,
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a partial active and reactive power control is also possible. As power electronics
are not rated for full power capacity, simpler and less expensive converters can be
employed. The main drawbacks of this design are the difficulty to work under
voltage dips, the limitation to control effectively the grid variables with such a
small converter, and the high maintenance costs of the gearbox.

In some designs a synchronous generator is indirectly connected to the grid
through a full-power electronic converter which handles all the energy produced
(see Figs. 1 and 6). This concept, also called direct drive machine, takes advantage
of the wide range speed operation allowed by the full-scale frequency converter
[14, 15, 20]. The generator can operate at any rotational speed of the rotor and the
rotor operates at the optimal speed for each wind condition. Among its main
advantages are the low maintenance costs and high reliability due to the omission
of the gearbox, the improved aerodynamic efficiency, and the ability to assist the
grid stability and performance. Both, a wound rotor (e.g. MTorres TWT-1.65/82,
Enercon E66-1.8, E112-4500, Lagerwey LW72/1500) and permanent magnet rotor
(e.g. Eozen-Vensys 77-1.5) designs can be used in this approach.

On the whole, the power electronics used to accomplish variable speed oper-
ation are a little more expensive. However, variable speed machines are able to
reduce mechanical loading and drive train fatigue and to capture more energy over
a wider range of wind speeds, something that increases remarkably the annual
production. Another important advantage of some of the variable speed wind
turbines is the ability to control independently their active and reactive power and
thus to assist the power system.

1.3 Passive Stall Control

For passive stall controlled wind turbines, the generator reaction torque regulates
rotor speed below rated operation to maximise energy capture. Whereas above

Fig. 1 Direct-drive variable-
speed pitch-controlled turbine
(Courtesy of MTorres)
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rated operation, rotor speed is controlled by deliberately inducing stall over a
specific wind speed (e.g. Ecotecnia 62-1.3, Made AE61-1.3, Bonus MkIV). This
way, the power delivered by the rotor is limited at high winds, thanks to a par-
ticular design of the blades that provokes a loss of efficiency. For such stalling to
take place it is essential to hold the rotor speed constant, and this is usually
accomplish with an asynchronous generator connected to the electrical network.
Additionally, in this type of control the pitch angle is fixed and tip brakes are the
only part of the blade which can rotate with the aim of spilling off the spare energy
to shut down the wind turbine.

1.4 Variable Pitch Control

In pitch control, the blades regulate the power delivered by the rotor either by
pitching the blades towards the wind to maximise energy capture or by pitching to
feather to discard the excess of power and to ensure that mechanical limitations are
not exceeded (e.g. MTorres TWT-1.65/82, Nordex S77-1.5). At rated operation,
the aim is to maintain power and rotor speed to their rated value. To achieve this,
the torque is held constant and the pitch is continually changed following the
demands of a closed-loop rotor speed controller that optimises energy capture and
follows wind speed variations. In contrast, below rated operation there is no pitch
control, the blade is set to fine pitch position to yields higher values of power
capture and the generator torque itself regulates the rotor speed. In this case, the
way to turn off the machine is simply by turning the blade to feather position, i.e.
perpendicular to the wind. Consequently, pitch control requires variable speed
operation allowing slight accelerations and decelerations of the wind turbine’s
rotor at wind gusts and lulls [5, 14].

1.5 Active Stall Control

This technique is a combination of stall and pitch control. Active Stall was the
name used by NEG-Micon, now Vestas (e.g. NM72C/1500, NM82/1650), while a
similar concept is named combi-stall by Bonus–Siemens (e.g. Bonus 1.3 MW/62,
Siemens SWT-2.3-82). Active stall/combi-stall control has got the same regulation
possibilities as the pitch regulated turbine, but using the stall properties of the
blades. The blades are designed in a similar way as stall control blades but the
entire blade can be turned ninety degrees to adjust its pitch. Thus, the blade tip
brakes used in passive stall are not required. In this technique the blades are rotated
only by small amounts and less frequently than in pitch control [12]. The idea is to
pitch the blade gradually with a negative pitch angle, ‘‘pitch to stall’’, in order to
optimise the performance of the blades over the range of wind speeds, especially
with low wind speeds. The power control method adjusts the amount of blade that

Power Regulation Strategies for Wind Turbines 163



is at stall to compensate the reductions of power output. It allows a more accurate
control at high wind speeds, resulting in a more constant power value at rated
power.

As a summary, stall controlled wind turbines are still attractive because they are
relatively simple to construct and operate and therefore are much cheaper. Nev-
ertheless, during the last few years the market interest for the fixed speed operation
has decreased slightly, and the trends have pointed to variable speed wind turbines.
One of the main reasons is that the latter improves the power quality and produces
more energy than stall machines [21]. Alternatively, among all the possible con-
figurations, apart from fixed speed with passive stall control, variable speed
together with pitch control is being one of the most demanded machines. Recently,
some manufactures have also been using active stall control in conjunction with
variable speed operation because it is not as complex and expensive as
pitch control. In contrast, other configurations like fixed speed with variable pitch
control, although very popular in the past, nowadays are generally rejected because
they produced very large transients in the power output when controlling power.

2 Control System

The control system of a WT consists of a hardware/software configuration.
It handles all the necessary variables and parameters to govern the wind turbine,
aiming two overall objectives: reliability and performance. This binomial has
changed over the time. Availability was the unique goal in the past, but nowadays
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Fig. 2 Power curve of a wind turbine
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that is not enough. Market increasingly requires more advanced control features.
This is the reason why this section focuses on performance.

A generic qualitative power curve for a variable speed pitch controlled WT is
shown in Fig. 2. Four zones and two areas are remarked. The rated power Pr of the
wind turbine (i.e. the actual power supplied to the grid, which is the incoming wind
power minus losses) separates the graph in two main areas: below and above rated
power. Below rated the wind turbine produces only a fraction of its total design
power, and therefore an optimisation strategy needs to be performed. In the other
hand, above rated a power limitation strategy is required.

The four zones of the power curve present the following characteristics:

• Zone 1. Torque control: Lowest wind, between Vcut-in = 3–4 m/s and V12 =

7–8 m/s. The objective in this zone is to obtain the maximum aerodynamic
efficiency. This is usually done by means of manipulating the electrical torque in
order to get a particular and pre-fixed ratio (tip speed ratio) between wind speed
and rotor speed. In that way, the maximum aerodynamic power coefficient Cp is
achieved (see Fig. 3 and Eqs. 1 and 2).

• Zone 2. Transition: Medium wind, between V12 = 7–8 m/s and Vr = 11–13 m/s.
In this zone it is not possible to get the desired tip speed ratio because rotor
speed is near to maximum values. Torque has to be increased until the turbine
reaches the rated power. This is usually done by following a high slope torque/
rotor-speed reference or by implementing a closed-loop controller.

• Zone 3. Pitch control: High wind, between Vr = 11–13 m/s and V34 = 20–
25 m/s. The blades have to move the pitch angle in order to limit the incoming
power, control the rotor speed and minimise the mechanical loads at the same
time. An important cost reduction and life operating augmentation can be
achieved if load attenuation is targeted as a primary objective when designing
the controller, or if a blade independent control strategy to reduce loads is
performed [7].

• Zone 4. Extended mode: Very high wind, between V34 = 20–25 m/s and
Vcut-off = 25–30 m/s. Although not very common, an extended mode in very

Fig. 3 Cp/k curves, where
bk \bk+1
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high winds can be done by means of varying the pitch closed-loop performance.
Through a rotor speed limitation, the extreme loads can be reduced.

To fulfil the control objectives detailed in the last sections, a complex hardware/
software system has to be implemented. A certain number of sensors which pro-
vide information to the main control unit or controller are needed. This controller
commands the actuators with appropriate outputs. A complementary and inde-
pendent safety system is still needed to get redundancy and to guarantee the
security of the wind turbine [22, 23].

2.1 Sensors

Some of the main measurements required to control effectively the wind turbine
are the following:

• Meteorological measurements: anemometer, wind-vane, temperature. Wind
speed is usually measured with an anemometer at the nacelle. The accuracy of
this measurement is not good enough to be used in the controller, because of the
existence of some wind acceleration due to the nacelle shape, some wind tur-
bulences due to the rotor movement, and the fact that a single measurement is
not representative enough of the mean wind speed that crosses the rotor surface.
The use of wind speed estimators is sometimes proposed to improve control
algorithms [24].

• Angular measurements: rotor speed, yaw angle, pitch speed and angle. Some-
times, an azimuth or rotor position sensor is also used to perform independent
blade control.

• Electrical measurements: power, voltage and current on the generator, converter
and grid, power factors, harmonics distortion (THD), etc.

• Mechanical measurements: torques, temperatures, tower vibration, nacelle
acceleration, blade efforts, etc.

2.2 Controller

The controller is usually a real-time control industrial system with a dedicated
microprocessor in which runs the main control software with the specific control
algorithms. The principal functions of the controller are:

• Communication with the input/output system. Inputs are signals coming from
the sensors whereas outputs are signals going to actuators. All these devices
have an electronic interface to sample and translate physical signals to digital
variables for the WT controller.

• Signal processing.
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• Execution of control laws and supervision.
• Handling data acquisition for the SCADA system, for storage, maintenance and

remote-operating purposes.

2.3 Actuators

• Pitch: The pitch system is a mechanical, electrical or hydraulic device, acting
over the blade to turn it in both directions. The pitch system has a crucial role on
the turbine, not only because it is the main actuator, but also because of the
safety of the machine. A wrong operation of the pitch system will cause the
turbine to suffer dramatic and irreversible damage. To avoid that, an autono-
mous and independent pitch system has to be implemented in each blade to get
redundancy and reliability; if some error or malfunction occurs, the other two
blades go to safety position. An energy storage device is also required to be able
to move the blades during a grid loss.

• Torque: The generator torque is the other main actuator of a wind turbine. It is
manipulated by means of a power drive or electrical converter. Its action
response is fast, but smaller than the one of the pitch system. Generator torque is
used below rated with the aim of maximising the aerodynamic efficiency, as
explained below.

• Yaw: The yaw system is in charge of tracking the wind direction. It usually turns
at a constant speed. Thus, a very simple configuration consisting of several
motors working together is enough to position the nacelle.

• Brakes: The shaft brakes consist of some hydraulic devices able to actuate over
the high speed shaft. Modern direct drive machines usually do not need a shaft
brake, and the rotor is stopped only by means of a highly reliable pitch system.

2.4 Safety System

The safety system is a redundant hard-wired security-chain with autonomy to shut-
down the WT in a secure mode under all circumstances. The safety system is
capable to drive back the blades to feather position, to switch off every electrical
device, to provide an emergency digital signal to the controller and to generate an
appropriate alarm for the maintenance staff. Physically, it consists of a long path of
contacts in series, beginning by a power supply which provides a reference volt-
age, and ending in a safety relay. The opening of any contact causes the loss of that
reference voltage. Thus, the safety relay breaks the ‘‘OK’’ hard-wired signal of
every subsystem (converter, pitch, yaw, brakes, etc.) causing the turbine to stop in
a safe manner.
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3 Main Control Loops

In the following paragraphs the main control loops of the wind turbine are
described.

3.1 Torque

The incoming power Pv in a wind turbine is:

PvðtÞ ¼ TvðtÞ XðtÞ ¼ 0:5qACpðtÞVðtÞ3 cos3 aðtÞ½ � ð1Þ

where Tv is the aerodynamic torque, X the rotor speed, q the air density, A the rotor
effective surface, V the wind speed, a the yaw angle error (nacelle-wind angle) and
Cp the aerodynamic power coefficient, so that,

CpðtÞ ¼ f kðtÞ; bðtÞ½ � ð2Þ

The aerodynamic design of the blades is such that the power coefficient Cp

(as pitch angle b is kept constant) is a function of k (tip speed ratio), defined as a
function of the rotor radius R, rotor speed X and wind speed V, so that,

kðtÞ ¼ RXðtÞ
VðtÞ ð3Þ

The electrical torque Te is manipulated below rated power in order to get
maximum aerodynamic efficiency Cp. This strategy aims to keep optimal the
relation between wind speed V and rotor speed X as long as possible (see kopt in
Fig. 3). It modifies the rotor speed by changing the electrical torque to follow the
wind speed changes, and then keep k = kopt.

Neglecting mechanical losses in the shaft, the aerodynamic torque Tv on the
rotor is,

TvðtÞ ¼ 0:5qACpðtÞVðtÞ3 cos3 aðtÞ½ �
.

XðtÞ ð4Þ

Hence, for every value of rotor speed X, the resulting Te (Eqs. 5 and 6) max-
imises the power capture at every wind speed.

TeðtÞ ¼ KaXðtÞ2 ð5Þ

Ka ¼ 0:5qAR3Cpmax

.
k3

opt ð6Þ

where Cpmax is the maximum power coefficient, obtained at kopt (see Fig. 3).
Equation 5 shows a very simple and useful expression to set up the torque below

rated zone. The expression is based on the Cp/k curves provided by the blade
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manufacturer (Fig. 3), which usually gives only a first approach for steady state and
laminar flow conditions. For a more complete approach some improvement could be
done by slightly changing Eqs. 5 and 6, taking into account some dynamic condi-
tions. Due to the erosion and dirtiness of the blades, or due to the variation of the air
density value at different weather conditions, some parameters such as Cp become
time variant. A reduction of the value of the constant Ka, or the application of
adaptive techniques to estimate it, could optimise the energy capture.

The electrical torque Te obtained by Eq. 5 is not usually enough to complete the
whole region below rated, because the rated rotor speed is reached before than
the maximum torque. Hence, a different strategy has to be performed to increase
the torque until its maximum (rated) value, usually following a high slope torque/
rotor-speed reference or by implementing a closed-loop controller.

3.2 Pitch

The main purpose of the pitch loop is to control the rotor speed, limiting the
incoming aerodynamic torque by moving the pitch angle. There are two possible
strategies: pitch to feather and pitch to stall. The methodology to design the pitch
control loop is based on the dynamic model of the aerodynamic torque (see next
section for more details). As showed above, Tv can be expressed as a non-linear
function that depends on the rotor speed, the wind speed and the pitch angle.
A simple linear Proportional–Integral–Derivative PID controller [25] is a good
starting point, although further considerations have to be observed [26]. As wind
speed increases, the qX/qb ratio becomes higher. The controller will take this
effect into account in order to keep the mechanical fatigue within the design limits,
and to guarantee the system stability. The design can be carried out by using robust
and/or adaptive control strategies [26]. Additionally, a good controller should filter
the resonance modes of blades, tower, drive-train, gears, etc., as well as fre-
quencies related to the rotor revolution (1P), blade crossing in front of the tower
(3P) and some multiple (6P). The increasing size of wind turbines and the use of
larger and more flexible structures result in a more demanding design of the pitch
control system.

3.3 Yaw Angle

The main objective of the yaw controller is to follow the wind direction, maxi-
mising the energy capture, avoiding any dangerous gyroscopic effect, cable
winding and oscillatory behaviour. As a first approach, the potential loss of energy
due to yaw errors is a function of cos3(a); i.e. a yaw error of 10� means a reduction
of 4.5% of power. A closed control loop is needed to compensate this effect.
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A wind-vane in the nacelle supplies the reference angle to the controller, which
sends a signal to the yaw actuators to move the nacelle towards the wind direction.

3.4 External Grid

As the number of wind farms increases, advanced control issues are required by
the grid. Active-power/frequency and reactive-power/voltage loops can be per-
formed to contribute to the stability, quality and reliability of the overall electrical
system. The modern direct-drive gearless turbines with full power converters are
in a good position to contribute to such innovative trends.

3.5 SCADA

The so-called Supervisory Control and Data Acquisition system (SCADA) is a
software tool able to start-up and shut-down each turbine operation and to coor-
dinate them in the wind farm. It usually runs in a PC independent to the one in
which the main turbine controller works. It has the following functions:

• Handles warnings and alarms for preventive and corrective maintenances.
• Visualises the status and specific variables of the wind turbine for operating

purposes.
• Develops reports, including performance, faults, events, production, etc.
• Provides an interface for external communication and remote operation tasks.
• Coordinates the turbines of the wind farm.

Fig. 4 Classical wind turbine
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4 Wind Turbine Modelling

This section introduces a dynamic model that describes the dominant characteristics
of the wind turbine, as a first step to integrate more complex elements. Figure 4
shows a classical wind turbine with a two-part horizontal drive shaft that connects,
through a gearbox, a large rotor inertia at one end (blades) with a generator at the
other end. The wind applies an aerodynamic torque Tv on the rotor. The grid or the
power electronics applies an electrical torque Te on the generator.

The rotor presents a moment of inertia Ir and a viscous damping coefficient Br.
The low-speed shaft has a torsional stiffness coefficient kl. The increasing ratio
between the low and high speed parts in the gearbox is N. The high-speed shaft has
a torsional stiffness coefficient kh. The generator shows a moment of inertia Ig and

a viscous damping coefficient Bg. The rotor angle is hr, the rotor speed X = _hr, and
the generator angle hg. The angles at the gearbox are: hl at the low-speed part
and hh at the high-speed part. Two torques are applied to the gearbox: Tl by the
low-speed shaft and Th by the high-speed shaft. a is the yaw angle error (nacelle-
wind angle) and b the pitch angle (blades). Ix is the rotor current excitation, P and
Q the active and reactive power supplied to the grid respectively, and f, U and u
the frequency, voltage and power factor at the grid connexion point respectively.
The main equations of the classical wind turbine are the following:

hh ¼ Nhl ð7Þ

Tl ¼ NTh ð8Þ

Ir
€hrðtÞ þ Br

_hrðtÞ ¼ TvðtÞ cos aðtÞ½ � � kl hrðtÞ � hlðtÞ½ � ð9Þ

Ig
€hgðtÞ þ Bg

_hgðtÞ ¼ �TeðtÞ � kh hgðtÞ � hhðtÞ
� �

ð10Þ

TlðtÞ ¼ kl hrðtÞ � hlðtÞ½ � ð11Þ

ThðtÞ ¼ kh hhðtÞ � hgðtÞ
� �

ð12Þ

Applying the Laplace Transform to Eq. 9 with a = 0 and zero initial condi-

tions, _hrðt ¼ 0þÞ ¼ 0 and hrðt ¼ 0þÞ ¼ 0, the rotor angle hr is,

hrðsÞ ¼
1

Ir s2 þ Br sþ kl
TvðsÞ þ kl hlðsÞ½ � ð13Þ

Analogously, by applying the Laplace Transform to Eq. 10 with zero initial

conditions, _hgðt ¼ 0þÞ ¼ 0 and hgðt ¼ 0þÞ ¼ 0, the corresponding generator angle
hg is,

hgðsÞ ¼
1

Igs2 þ Bgsþ kh
�TeðsÞ þ khhhðsÞ½ � ð14Þ
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From Eqs. 7, 8, 11 and 12, the low-speed shaft angle hl is,

hl ¼
1

kl þ khN2
klhr þ khNhg

� �
ð15Þ

The dynamic transfer function M(s) between the demanded pitch angle bd and
the actual one b is,

bðsÞ ¼ MðsÞ bdðsÞ ð16Þ

where M(s) includes the pitch motor, the pith position controller and the pitch
speed controller. Combining the above equations, the block diagram of the clas-
sical wind turbine is showed in Fig. 5.

A direct-drive (gearless) wind turbine is a simple and more reliable option
(see Fig. 6). By applying the conditions N ¼ 1, kl ¼ k, kh ¼ 0, hl ¼ hg and
hh ¼ hr to the above equations, the main expressions of the direct-drive wind
turbine are the following:

Ir
€hrðtÞ þ Br

_hrðtÞ ¼ TvðtÞ cos aðtÞ½ � � k hrðtÞ � hgðtÞ
� �

ð17Þ

Ig
€hgðtÞ þ Bg

_hgðtÞ ¼ �TeðtÞ � k hgðtÞ � hrðtÞ
� �

ð18Þ

Fig. 5 Classical wind turbine block diagram
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Once more, applying the Laplace Transform to Eq. 17 with a = 0 and zero

initial conditions, _hrðt ¼ 0þÞ ¼ 0 and hrðt ¼ 0þÞ ¼ 0, the corresponding rotor
angle hr is,

hrðsÞ ¼
1

Irs2 þ Brsþ k
TvðsÞ þ khgðsÞ
� �

ð19Þ

Analogously, by applying the Laplace Transform to Eq. 18 with zero initial

conditions, _hgðt ¼ 0þÞ ¼ 0 and hgðt ¼ 0þÞ ¼ 0, the corresponding generator
angle hg is,

hgðsÞ ¼
1

Igs2 þ Bgsþ k
�TeðsÞ þ khrðsÞ½ � ð20Þ

Now, using the last equations, the block diagram of the direct-drive wind
turbine can be made by simplifying the diagram of Fig. 5 accordingly.

Figure 3 and Eq. 2 described the aerodynamic power coefficient Cp as a non-
linear gain. However, a more advanced analysis shows that the aerodynamic
torque Tv depends nonlinearly on the pith angle b, the rotor speed X, the effective
wind speed V, and the yaw error a, so that,

TvðtÞ ¼ f ½bðtÞ;XðtÞ;VðtÞ; aðtÞ� ð21Þ

Assuming that Tv is differentiable, and applying the Taylor series expansion
theory to a specific equilibrium operating point p0 = (bo, Xo, Vo, ao), the last
nonlinear expression may be linearised as shown in Fig. 7, where the partial
derivatives at the equilibrium operating point are,

Fig. 6 Direct-drive wind turbine
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The partial derivatives strongly depend on the equilibrium operating point.
It means that the behaviour of the wind turbine varies considerably over the
operational envelope of the machine. The function qTv / qb provokes a variation in
the plant gain. The function qTv / qX induces a variation in one of the dominant
poles (low frequency) of the plant and the functions qTv / qV and qTv / qa affect the
magnitude of the external disturbances [27].

5 Conclusions and Future Research

This chapter introduced, as a first approach, the main characteristics, objectives
and strategies of the control system of a wind turbine.

The principal control objectives of an advanced wind turbine, including sta-
bility, captured energy maximization, mechanical load reduction, fatigue limita-
tion, power-train damping, reliability optimization, availability aspects, etc. are
described. The efficiency and reliability of a wind turbine strongly depends on the
applied control strategy. Some typical control strategies to fulfil the previous
objectives are also described.

This is followed by an analysis of the classical control loops to regulate in a
coordinated way the critical variables of the machine: torque, power, pitch, rotor
speed, yaw orientation, temperatures, voltages, currents, power factors, etc.

Fig. 7 Local linearisation of the nonlinear aerodynamic torque
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Dynamic model that describes the dominant characteristics of the wind turbine is
introduced, as a first step to integrate more complex elements like the large
nonlinear characteristics and high model uncertainty due to the interaction of the
aerodynamic, mechanical and electrical subsystems, the large flexible structures of
the machine (tower, blades, etc.), which have to work under very turbulent and
unpredictable environmental conditions, and which are subject to a variable and
demanding electrical grid, etc.

In the last few years increasing level of wind energy penetration in the grid has
revealed new critical challenges and problems: frequency/active-power control
loops, voltage/reactive-power regulation, response to grid voltage dips, restoration
of grid services after power outages, control with wind prediction, etc. They demand
an urgent need for new control solutions, combining robust methodologies, non-
linear control, adaptive techniques, load sharing aspects, predictive laws, multi-
variable strategies, etc. In addition new control strategies including independent
pitch control and/or new sensors (accelerometers) to alleviate mechanical loads will
be important to design larger machines (multi-megawatt) in the near future.
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Grid Integration of Offshore Wind Farms

Lie Xu

Offshore wind farms tend to become bigger and far from the onshore point of
connection. The developers and the system operators are facing a number of
technical, economical, and environmental challenges in transmitting the bulk
power developed at these offshore wind farms over long distances. In this Chapter,
some of these issues are discussed, giving emphasis to the basic system require-
ments along with various options for transmission and grid integration.

1 Connection Requirements

The operating procedures and principles governing the relationship between the
Transmission System Operator and the users of the transmission system (for
example Generators, Suppliers or Non-Embedded Customers) are set out in the
Grid Code. For a wind farm to be connected, it must meet the Grid Code
requirements in terms of fault ride through, frequency range, frequency control,
reactive range capability, voltage control etc., in order to maintain the stability and
security of the grid [1, 2]. Different countries have different Grid Codes to be
followed.
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1.1 Fault Ride Through

Under the Grid Code proposals, the wind farm, whether connected directly to the
transmission system or distribution system, is required to remain connected and
feeding power into the system for any solid single or multiphase short circuit fault
occurring on the HV transmission system. In addition to the continuous and stable
operation, the mechanical power to the wind turbines should not be deliberately
reduced during this period. The minimum remaining voltage and the duration
required also differ from countries. For example, a minimum voltage of 15% for
140 min is required for the GB system [2] while for E.ON system [1], zero voltage
for 150 min is essential.

1.2 Frequency Range and Frequency Control

The Grid Code requires that the wind farms should operate continuously at certain
system frequency range and should have the capability of providing frequency
response. The wind turbines will have to be capable of operating at part load for a
given wind condition and be able to continuously respond to any increase or
decrease in system frequency against a target frequency by decreasing or
increasing power output respectively.

1.3 Reactive Range Capability and Voltage Control

The increasing use of non-synchronous generating units that are not able to pro-
duce the same amount of reactive power as synchronous generators may cause an
increasing amount of reactive power compensation devices to be required in the
zones where the non-synchronous generating units are connected. The Grid Code
requires that wind farms should have the reactive power control capability, for
example, over the normal active power operating range of the wind farm, a pre-
defined reactive power capability of 0.95 power factor lagging to 0.95 power factor
leading based on full output power should be available at the connection point.
In addition, wind farms must be capable of controlling the voltage at the point of
connection to the public electricity system. Additional requirements may also have
to be met in individual cases.

2 Grid Connection Methods

High voltage AC (HVAC) has been used for all the existing offshore wind farms.
This is largely due to the fact that most of those offshore wind farms are relatively
small in size and close to the onshore connection point. HVAC will also be used
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for most offshore wind farms in the near future with a connection distance of less
than 50–75 km. Such HVAC solution provides the simplest and most economic
connection method.

However, with the increasing offshore wind farm size, high voltage DC
(HVDC) transmission may be the only feasible option for connection of a wind
farm if the distance exceeds 150–200 km. HVDC transmission offers the following
advantages for integration of large offshore wind farms over long distance [3]:

• Fully controlled power flow.
• Decoupled sending and receiving networks by the asynchronous connection.

Faults are not transferred between the two AC networks.
• DC transmission is not affected by cable charging currents (therefore no limit on

distance).
• A pair of DC cables can carry up to 1200 MW.
• Lower cable power loss than an AC cable scheme.

There are two different HVDC transmission technologies, i.e. line-commutated
converter HVDC (LCC HVDC) using thyristors, and voltage source converter
using IGBTs (VSC HVDC). LCC HVDC has been used for over 50 years and
currently there are over 60 schemes in operation worldwide with a number of
projects rated up to 3,000 MW. While for VSC HVDC, a number of transmissions
up to 330 MW are in operation and higher power up to 1,100 MW are currently
under development [4]. Compared to the LCC HVDC system, VSC HVDC has a
number of advantages including [5]:

• It is self commutating and does not require an external voltage source for its
operation.

• The reactive power flow can be independently controlled at each AC network.
• Reactive power control is independent of the active power control.

These features make VSC HVDC attractive for connection of offshore wind
farms, since power can be transmitted to the wind farm at times of little or no wind
and the AC voltage at either end can be controlled [6–10]. However, power loss is
likely to be higher for VSC HVDC compared to a LCC HVDC system [5].

If HVDC is used, an offshore substation must be required. Currently, there is no
experience on offshore LCC HVDC substations. The first offshore VSC HVDC
substation was installed by ABB for the offshore Troll A platform in Norway in
2005. It is rated at 84 MW at ± 60 kV with a transmission distance of 70 km [11].
While for AC connection, unless the offshore wind farm is very small and close to
the shore, an offshore substation is normally required. For example, the UK’s
Barrow offshore wind farm rated at 60 MW has a 33/132 kV offshore substation
with a transmission distance of 26 km [12] while a larger Danish Horns Rev wind
farm rated at 160 MW has an offshore 36/150 kV substation with a transmission
distance of 15 km [13]. There are a number of challenges for such an offshore
substation, e.g. limited space in order to minimize the cost of the offshore
installation, extremely harsh and variable environment (constant exposure to the
salt air, wind and water), and limited maintenance access [3].
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2.1 HVAC Connection

One of the main advantages of AC connection is the low cost of substations. The
layout of the transmission is also relatively simple. A schematic diagram of using
HVAC for connecting a 200 MW offshore wind farm is shown in Fig. 1. Current
technology limits the maximum power rating for a 3-phase AC cable to about
200 MW based on 150–170 kV and a maximum cable length of 200 km. Thus, for
connecting a large wind farm, multiple cables are required which could increase
the cost considerably.

With the increase in power transmission distance, long AC cables will produce
large amounts of capacitive reactive power. It will reduce the cable transmission
capacity accordingly. A typical characteristic for an AC cable is shown in Fig. 2.
The capacitive power of the cable needs to be balanced by inductive reactive
power in order not to create problems with high voltage and cable de-rating.
Therefore, large reactive power compensation is required. This can be achieved by

Fig. 1 A typical HVAC scheme

Fig. 2 Typical characteristic of an AC cable
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permanently connected shunt reactive power compensation at one or both ends of
the onshore and offshore substation in order to balance the reactive power gen-
erated by cable shunt capacitance.

At a connection distance in excess of 50 km, it is likely that dynamic reactive
power compensation using Static Var Compensator (SVC) or Static Synchronous
Compensator (STATCOM) at the connection point (see Fig. 1) will be required, to
meet the necessary reactive power and AC voltage controls during rapid load
changes and during and after fault conditions in the grid [14].

Apart from the problems caused by the AC cables, AC connection will result in
the synchronous operation between the wind farm and the grid. Faults occurring on
the grid will directly affect the wind farm and vice versa. In order to meet the Grid
Code requirement, the wind turbines must have fault ride through capability.

2.2 LCC HVDC Connection

A thyristor based LCC converter requires an AC voltage source to commutate. For
the offshore system, such commutation voltage can be provided by either a syn-
chronous compensator [3] or a VSC based STATCOM [9, 15]. For wind farms
based on synchronous generators with full-sized interface converter, the wind farm
itself may be able to provide AC voltage support and the required commutation
voltage for the LCC HVDC system. Therefore, a STATCOM or synchronous
compensator might not be required [16]. However, this would require very close
coordination of the wind farm and the converter and the system response during
onshore network fault has yet to be proved. Figure 3 shows the schematic diagram
for connecting a 500 MW wind farm using LCC HVDC, in which a STATCOM is
used for providing the commutation voltage.

The offshore substation of a LCC HVDC system comprises of a thyristor based
LCC HDVC converter, a small STATCOM (or a synchronous compensator) rated
at around 25% of the scheme rating, converter transforms and some passive filters.

Fig. 3 System configuration of using LCC HVDC for connecting a 500 MW offshore wind farm
[9]
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For the onshore substation, it is identical to those used in LCC HVDC systems
connecting two conventional AC systems.

The transformers for offshore convertors may not require tap changers as the
offshore AC voltage can be kept constant. LCC HVDC converters absorb reactive
power at both converter stations. For the offshore systems, the reactive power
required by the HVDC converter is provided by the filters, the STATCOM and the
wind farm. For the onshore station, conventional filters are used for reactive power
compensation.

The STATCOM provides the necessary commutation voltage for the LCC
HVDC converter and also reactive power compensation for the network during
steady state, dynamic and transient conditions. It also provides some limited active
power support to the network during transient conditions such as power changes of
the wind farm output (e.g. due to gusts or ramping) and during AC fault. If a
synchronous compensator is used, it can provide better active power support due to
its much larger energy storage compared to a STATCOM.

Typical power loss for one end of a LCC HVDC system is around 1% including
the transformer losses while the power loss for a STATCOM is between 1 and 2%
depends on its configuration. Thus the overall conversion efficiency for such a
LCC HVDC system is around 97–98% depends on the detailed system design.

2.2.1 Principles of LCC Converter Operation

The operation of a LCC HVDC system can be simplified by considering two DC
voltage sources connected via DC cables. Thus, under steady state, the DC current
is given as

IDC ¼
Vdc1 � Vdc2

R
ð1Þ

where Vdc1 and Vdc2 refer to the DC voltages generated by the two thyristor
converters and R is the equivalent DC resistance of the cables. Under normal
operation, one converter is assigned to control the DC voltage to a certain level
and the other converter controls the DC current by regulating its own DC
voltage.

The regulation of the converter DC voltage is achieved via the control of the
thyristors’ firing angles. A typical 6-pulse bridge rectifier and its generated DC
voltage waveform are shown in Fig. 4a, b respectively. By varying the firing delay
angle a, the DC voltage can be controlled. For a\90�, the generated voltage is
positive and the converter works in rectifier mode which transmits active power
from AC to DC. For a [ 90�, the generated voltage is negative and the converter
works in inverter mode converting active power from DC to AC.

During the operation of thyristor converters, the phase current is delayed by the
firing angle a with reference to the phase voltage. This indicates that the converters
absorb reactive power from the network. In addition, the current commutation
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between the thyristors relies on the terminal AC voltage and therefore, external AC
voltage must be supplied in order to operate such converters.

The AC current in a 6-pulse bridge circuit contains characteristic harmonics in
the orders of 6n� 1 where n ¼ 1; 2; 3; . . .. In order to reduce the harmonics
entering the AC network, 12-pulse configuration is normally used which comprises
of two 6-pulse bridges whose DC sides are connected in series whereas the AC
sides are connected in parallel through a star-star and a star-delta connected
transforms respectively. The characteristic harmonics from a 12-pulse configura-
tion are in the orders of 12n� 1 where n ¼ 1; 2; 3; . . .. Passive harmonic filters are
normally used to absorb the current harmonics generated by the converter.
In addition, such filters appear to be capacitive at fundamental frequency, and thus
compensate the reactive power absorbed by the converter.

2.2.2 Basic System Control

For the LCC HVDC system, the onshore converter (inverter) is in DC voltage
control, while the offshore converter (rectifier) is in DC current control. For the
offshore AC network, its voltage amplitude and frequency must be maintained and
the transmitted active power via HVDC link must match with that being generated
by the wind farm.

For conventional AC system, AC frequency is the indication of active power
balance. However, due to the absence of synchronous generators in the offshore
network (see Fig. 3) active power does not have a direct impact on AC frequency.
The control system can consider the LCC HVDC converter and the STATCOM as
a single unit and the offshore AC system can be controlled to resemble an infinite
voltage source with constant frequency, voltage amplitude and phase angle. Thus,
the active power generated by the wind farm is automatically absorbed by the
combination of the HVDC converter and the STATCOM and then transmitted to

Fig. 4 Six-pulse bridge rectifier (a) and DC voltage control using the thyristors’ firing angles (b)
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the onshore converter. No extra frequency and/or active power control loops are
required in such design.

The active power flow within the offshore system can be expressed as

PWF ¼ Vdc � C �
dVdc

dt
þ VdId þ Ploss ð2Þ

where PWF and Ploss are the active power generated by the wind farm and the
power loss in the offshore system respectively. Vd and Id are the DC voltage and
current of the offshore HVDC converter and Vdc and C are the STATCOM DC
voltage and DC capacitance respectively.

As the DC voltage of the LCC HVDC is maintained by the onshore converter,
the power transmitted from the offshore wind farm to the grid is determined by the
DC current of the LCC HVDC system which is controlled by the offshore con-
verter. Therefore, the primary aim of the active power control is to generate an
appropriate DC current order for the offshore LCC converter such that the trans-
mitted power matches the generated power. According to Eq. 2, the STATCOM
DC capacitor energy/voltage is an immediate indicator of any change of the active
power balance and therefore, it can be used to rapidly change the current order for
the offshore LCC converter. Once active power is balanced, the STATCOM DC
voltage is also controlled at the correct value.

2.2.3 System Operation

First, the system must be able to start from a complete shutdown. Before starting
the system, the STATCOM DC capacitor must be pre-charged by using a small
auxiliary power supply, for example an emergency diesel generator. When the DC
capacitor is fully charged, the STATCOM output voltage is ramped up to give
smooth energisation of the transformers and permanently connected filters. The
DC capacitor has to be fed by the auxiliary power supply until the wind generators
start to generate power, since the STATCOM has to provide the converter and
network system losses. Once the wind farm’s output active power is increased, the
HVDC converter can be enabled and start to transmit power to the onshore grid.

The grid code requires the system must have fault ride through capability.
When there is a fault in the onshore grid network, the onshore inverter is likely to
fail commutation repetitively, causing a short circuit on the DC side. Thus, the DC
voltage and the transmitted power of the offshore HVDC converter reduce to near
zero. The DC voltage of the STATCOM rises rapidly as it absorbs the surplus
active power. To prevent the system from tripping, the active power output of the
wind turbines must be reduced immediately using high speed communication.

Thus, both the offshore AC system and the STATCOM DC voltage (active
power remains balanced) are fully controlled. After the fault is cleared, the DC
voltage of the HVDC system recovers and the transmitted active power increases.
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Thus, such system can achieve satisfactory fault ride through during onshore grid
fault.

2.3 VSC HVDC Connection

Figure 5 shows the single-line diagram of connecting a 300 MW offshore wind
farm using VSC HVDC. The VSC HVDC system transmits active power from the
offshore wind farm to the main grid via two DC XLPE cables. It also provides AC
voltage and frequency control to the offshore wind farm network and reactive
power/AC voltage control to the onshore network, if required. A high pass filter
(HFF) is connected at each side to absorb the high frequency harmonics generated
by the converters during operation.

Due to the use of IGBT devices switched at high frequency (e.g. 1–2 kHz), the
power loss for VSC HVDC system is much higher than the LCC HVDC system
and the total conversion efficiency was quoted to be in the range of 90–95% [17].

As the harmonics generated by the VSC are in the high orders, only a small
high frequency filter typically rated at around 15% of the scheme rating is required
for each end.

2.3.1 Principles of VSC HVDC Operation

The fundamentals of VSC HVDC system operation may be explained by con-
sidering each terminal as a voltage source connected to the AC transmission
network via a 3-phase reactor. The two terminals are then interconnected by a DC
link. Figure 6a shows the equivalent circuit of one end of a VSC HVDC system
and Fig. 6b shows the system vector diagram.

The output voltage vector (Vc) of a VSC may be described by:

Vc ¼
1
2

Vdc �M � e jxtþd ð3Þ

where Vdc is the DC voltage and x is the system frequency. M is the modulation
index and d is the phase angle of the VSC output with reference to that of the AC

Fig. 5 Schematic diagram of connecting a 300 MW offshore wind farm using VSC HVDC
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system fundamental voltage, as shown in Fig. 6b. Both M and d can be adjusted
independently by the VSC controller.

As a result, the voltage drop VL across the reactor X can be varied to control the
active and reactive power flows. Based on Fig. 6, the active and reactive power
output (Ps and Qs), as seen from the AC system terminals, can be expressed as:

Ps ¼ Vc � sin d
xL � Vs

Qs ¼ Vc � cos d�Vs
xL � Vs

ð4Þ

According to Eq. 4, by independently regulating the components of Vc sin d and
Vc cos d, Ps and Qs can be controlled separately. This indicates that VSC HVDC
system can operate at any power factor.

The control of VSC is achieved using Pulse-Width-Modulation (PWM)
switching at high frequency, usually in the range of 1–2 kHz. This not only results
in fast system response, but also produces only high order harmonics by the VSC.

2.3.2 Basic System Control

For the normal operation of a VSC HVDC system, its DC link voltage must be
maintained at a constant value. Furthermore, a constant DC voltage indicates
the balancing of active power exchange between the two sides. To achieve this, the
onshore VSC station is assigned to control the DC voltage for ensuring the
transmission of the energy collected by the offshore VSC station to the onshore AC
network. The main tasks for the offshore VSC station are to collect energy from
the wind farm and to control the voltage and frequency of the offshore AC
network.

The onshore VSC is operated as the DC voltage controller and its functions are
similar to those of a VSC HVDC system connecting two conventional AC net-
works [18].

Due to the absence of synchronous generator in the offshore system, the off-
shore VSC can again be controlled to resemble an infinite voltage source with
constant frequency, voltage amplitude and phase angle. Thus, similar to wind
farms connected to an infinite AC system, power generated by the wind farm is
automatically absorbed by the offshore VSC and then transmitted to the grid via
the onshore VSC station.

Fig. 6 Equivalent circuit (a) and vector diagram (b) of one end of a VSC HVDC system
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2.3.3 System Operation

Similar to LCC HVDC, the VSC HVDC systems also must have black-start
capability. With VSC HVDC system, achieving this can be relatively easier. With
the offshore converter blocked, the DC capacitors and the DC cables are charged
via the diodes from the onshore AC system. The DC voltage is then regulated to its
nominal values by the onshore VSC. The offshore VSC can then be enabled and
ramps up offshore AC voltage (giving smooth energisation of the transformers and
the permanently connected filters). During this period, the onshore VSC works as a
rectifier and the offshore VSC as an inverter, since a small amount of active power
is required to supply the power loss of the offshore equipment and network. After
the establishment of the offshore AC voltage, individual wind generators can be
started. As the power output from the wind farm increases, the VSC HVDC system
automatically changes power direction and transmits power to the onshore grid.

To meet the fault ride through requirement, it is crucial that the active power is
balanced even during onshore AC faults, otherwise the system would have to be
tripped and normal operation interrupted. During a close AC fault, the power
capability of the onshore VSC will be significantly reduced due to the reduced AC
voltage and the converter AC current limit. Consequently, the DC voltage will
increase, as the offshore VSC continues to feed energy into the cable. The wind
farm power output must be reduced immediately upon the detection of DC over
voltage. Similar to system with LCC HVDC, this can be achieved by applying
active power limit to each wind turbine, using high speed communications. After
fault clearance, the active power limit applied to each wind turbines can be
removed. The wind generators’ rotor speed will increase during the fault, but this
is not a major concern due to the variable speed nature of the wind generators used.

2.4 Alternative Solutions

As the transmission link is built specifically for connecting the offshore wind farm
which operates in a different way to conventional power stations with synchronous
generators, by considering the wind farm and the required transmission link
together, the system can be designed in a complete different way.

For wind turbines equipped with AC–DC–AC converters (such as those based
on permanent magnet generators), one possibility is to use a local DC network in
stead of AC [19, 20]. The output from the wind generators are rectified first and
then converted to inter-medium DC voltage level, say 15 kV, which is then
connected together to the local DC bus. The inter-medium DC is converted to high
voltage DC, say 150 kV in the offshore substation, using DC–DC converters. This
DC voltage is then transmitted to the onshore VSC converter via DC cables.

An alternative solution is to combine HVAC and HVDC systems. Large off-
shore wind farms, say above 1,000 MW, are likely to be built in different stages.
Hence, it will be very difficult to economically justify the building of one single
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large HVDC converter which could take a number of years. Therefore, it may be
more economical to combine HVAC and HVDC technology. Such a scheme for
connecting a 1,000 MW offshore wind farm, in which 200 MW HVAC and
800 MW LCC HVDC transmission systems are used, is shown in Fig. 7. During
the earlier stage of the offshore wind farm construction, the HVAC system can
transmit the power generated by some of the wind turbines to the onshore grid.
After the completion of the whole system, the HVAC system can provide the
required commutation voltage to the offshore LCC converter. Thus, no STATCOM
or synchronous compensator will be required in the offshore substation. Further-
more, when there is no wind, the HVAC system can reverse power direction and
supply power to the auxiliary equipment in the offshore substation and the indi-
vidual wind turbines. The LCC HVDC design can then be more economic, as
operation at very low power is not required.

3 Case Studies

Dynamic simulations of using LCC HVDC and VSC HVDC for connecting a
500 MW offshore wind farm based on doubly-fed induction generator (DFIG)
were performed respectively. The connection distance is 100 km. For both cases,
normal wind speed variation and grid AC fault are studied and the results are
shown in Figs. 8 and 9 respectively.

For LCC HVDC connection, the offshore system comprises a 500 MW wind farm,
a 500 MW LCC HVDC transmission system and a STATCOM rated
at ± 100 MVar. The wind speed is increased at 0.2 s and at 2.5 s, a 100 ms solid
AC fault is applied to the onshore connection point. When the increased wind
speed is applied to the turbine, the speed of the generator starts to increase, as does
the power generated. The onshore converter controls the DC voltage, and hence its
value stays almost constant throughout the operating conditions whereas the DC
current increases to increase the transmitted active power. Both the AC frequency
and voltage on the offshore wind farm side are well controlled.

Fig. 7 System configuration of combining HVAC and LCC HVDC for connecting a 1,000 MW
offshore wind farm
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When the fault occurred at 2.5 s, the onshore inverter fails commutation and the
power transmitted by the HVDC system reduces to zero. The STATCOM tem-
porarily absorbs active power from the generator and consequently its DC voltage
increases rapidly. The active power orders for each wind turbine are then reduced
immediately via high-speed communications. The offshore AC system has been

Fig. 8 Simulation of the LCC HVDC connection [9]

Fig. 9 Simulation of the VSC HVDC connection [9]
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successfully maintained and after the fault clearance the system gets back to the
normal operation.

For the VSC HVDC system, when the wind speed increases at 0.2 s, both the
generated and transmitted active power increases accordingly. The offshore AC
system is well regulated. When a solid 3-phase to ground fault is applied on the
onshore network at 2.5 s, the rapid reduction of the power export by the onshore
VSC causes the DC voltage to rise quickly.

Similar to LCC HVDC system, the active power orders for each wind turbine
are reduced immediately via high-speed communications. Again, the offshore AC
system is well maintained during such onshore AC faults. When the fault is
cleared, the system gets back to normal operation. Both of the HVDC systems can
be seen to be capable of providing a satisfactory solution to the connection of a
large offshore wind farm.

4 Comparison of Connection Options

The three connection methods, i.e., HVAC, LCC HVDC, and VSC HVDC are
compared with respect to grid code compliance, power loss, and cost.

4.1 Grid Code Compliance

Dynamic studies shown earlier indicate that both DC solutions comply with the
grid code and especially fault ride through requirement. As DC connections
decouple the onshore and offshore AC networks, onshore AC fault does not
directly affect the offshore AC system. While for HVAC connection, onshore AC
fault will directly affect the offshore AC voltage and fault ride through is mainly
achieved by the proper design of the wind turbines. Thus DC connections
potentially ease the requirement for the wind turbines as offshore AC voltage is
maintained during onshore grid fault. For LCC HVDC solution, if precise AC
voltage and reactive power control is required at the onshore connection point, a
SVC or STATCOM might need to be installed at the onshore substation as the
LCC converter itself has limited reactive power control capability.

4.2 Power Loss

Power loss for HVAC connection is largely dependent on the cable characteristic
and transmission distance. It is possible to use conductors with a larger cross
section area to reduce the cable resistance. However this will inevitably increase
the AC capacitance and therefore the charging current. While for DC connections,
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apart from the increase of the equivalent cable DC resistance, the impact of
transmission distance on power loss is less significant. However, the converters
will have relatively high power loss especially for VSC HVDC system. Even after
adding the power loss of the STATCOM required in the LCC HVDC solution, the
power loss of the VSC HVDC solution is likely to be approximately twice that of
the LCC HVDC solution [9].

The exact power losses for different connection solutions are very much
dependent on the detailed system design of the individual cases. For a wind farm
rated at 200 MW, it was quoted that critical distance for HVAC compared to VSC
HVDC is around 100 km [17, 21].

4.3 Overall Cost

A number of factors can affect the overall scheme cost, such as the substation cost
which includes both the converter cost (for HVDC) and the platform, cable cost
etc. Such cost can vary significantly among different projects.

For offshore wind farm up to 200 MW and with a connection distance up to
100 km, HVAC is likely to be the most economic solution due to the high cost of
DC converter station [17]. For bigger wind farms over longer transmission dis-
tances, DC solution may be economically more attractive due to the features of
HVAC connections such as increased power loss, the requirement of multi-cables
and dynamic reactive power compensation.

The main disadvantage of the LCC HVDC solution compared to the VSC
HVDC solution is its larger weight and footprint caused by the requirement for
breaker switched AC harmonic filters etc. In order to minimize the space required,
special techniques could be used—for example cabling between equipment, use of
oil-immersed reactors, use of GIS, etc. However, these measures will increase the
cost of the LCC HVDC solution. It is likely that the capital cost of the LCC HVDC
solution will be higher than for the VSC HVDC solution, particularly for lower
ratings, e.g. below 500 MW.

At very high power ratings, e.g. 1,000 MW or more, the LCC HVDC solution
may prove to be more advantageous because of the use of technology which is
proven during many years of service. Further, the smaller number of DC cables
required for the large power transmission reduce the cost and minimize the
environmental impact.

5 Conclusions

Connection of large offshore wind farms to electrical grids is one of the main
concerns of transmission system operators and wind farm developers. Both AC
and DC solutions are technically viable and the selection is dependent on the
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specific project. Current experience for connecting offshore wind farm is largely
limited to HVAC system with relatively short distance. Further research and
development are required for developing satisfactory solutions for integrating
large offshore wind farm over long distances.
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Small Wind Turbines

David Wood

The recently released revision of the international safety standard for small wind
turbines [1] defines a small wind turbine as having a rotor swept area (equal to pR2

where R is the radius of the blade tip) of less than 200 m2. This corresponds to
R \ 8 m and a rated power below about 50 kW. The standard also makes a further
division: ‘‘micro’’ turbines have a swept area less than 2 m2 and rated power below
about 500 W.

Small wind turbines share the basic operating principle of large turbines.
However, there are some major differences in detail. Small turbines operate at
lower Reynolds numbers. They usually rely on a tail fin for alignment with the
wind direction and their low wind speed and starting performance are more
critical. In addition, their blades rotate faster to maintain a comparable tip speed
ratio, k, for the reasons to be explained in Sect. 1 where k is defined. Thus the
blade angular velocity, X, of a typical turbine scales as R-1. This has important
implications for turbine dynamics and the loads experienced by the main com-
ponents. For example, if XR remains roughly constant, then the blade centrifugal
loads, which depend on X2R, must increase as R decreases. As suggested by the
example, most of the differences add to the difficulties in designing and building
safe small wind turbines. On the other hand, one advantage of small size follows
from their major role as battery chargers: there is no need for X to be kept constant
to maintain synchronicity with an electricity grid.

On most large wind turbines a hydraulic yaw drive rotates the nacelle and rotor
in response to changes in the wind direction. This is deemed too expensive for
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small turbines and the ‘‘free yaw’’ arrangement using a tail fin is the main alter-
native, although a substantial minority are ‘‘downwind’’ turbines with the blades
behind the tower. Note that the wind turbine in Fig. 1 shows two tail fins of the
same geometry but different size. We will see that free yaw can result in rapid
changes in turbine direction which combine with high X to generate large gyro-
scopic moments on the blade roots, the main shaft, and tower. The ‘‘simple load
model’’ of [1] suggests that these gyroscopic moments may be the highest loads on
a small turbine. It is important, therefore, to consider tail fin design and yaw
performance.

An obvious further difference between large and small turbines is in their
purpose and siting. Small turbines are most commonly located alone near the load
they supply, whether or not the turbine is grid connected. The load, such as a
remote house or village, may be in a region of poor or moderate winds. It is very
important, therefore, that a small turbine has good low wind speed performance
but this requirement is made difficult by the corresponding low Reynolds numbers.
To take an example, the blade of a 400 W turbine in Fig. 1 has a chord (the width
of the blade) at the tip of approximately 45 mm. If the turbine is to perform well in
low winds, then the blades should start rotating at a wind speed of about 3 m/s.
The Reynolds number, Re, of the stationary blade is the product of the wind speed
and the blade chord divided by the kinematic viscosity of air. This Re is less than
9,000 at the tip, which is in the range for insects (roughly 1,000–10,000) and well
below the operational range for large wind turbines and commercial aircraft.

As wind turbine blades are made from aerofoil sections, low Re has at least
three important consequences. The first is that the ratio of lift to drag usually
decreases with decreasing Re as demonstrated in Fig. 2 for a number of aerofoils.
Since the lift generates the torque on the blade but the drag reduces it, the ratio is
the most crucial parameter for blade design and turbine efficiency. Secondly, a
number of studies (for example [2]) have shown that the best aerofoils at very low
Re (in terms of maintaining L/D) are only about 5% of the chord in thickness. It is

Fig. 1 Two views of a 400 W experimental turbine at the University of Newcastle. Blade radius
is 0.97 m. Note the vane and cup anemometer for wind monitoring. Additional measurements
include rotor shaft speed, turbine orientation, and power output. Photos by Dr. Andrew Wright
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common practice for the aerofoils near the root of large wind turbine blades to be
thicker than 25% of the chord, primarily for structural reasons. Such a choice
would be aerodynamically disastrous for small blades. The need for thin sections,
however, must be balanced against the centrifugal loads which are greater than on
large blades and are maximised at the blade root. Thirdly, as implied by Fig. 2,
there is very little data on aerofoil behaviour in the Re range of 10,000–100,000.

The final aspect of low wind performance that we will discuss is the indirect
one of the resistance in the drive train and generator that opposes the aerodynamic
torque on the blades. Most small turbines, particularly micro-turbines, use
permanent magnet generators (PMGs) which can (but do not need to) have a
resistive ‘‘cogging’’ torque, caused by the salient pole nature of the generator. On
the other hand, induction machines offer virtually no resistance when the field is
not energised, but usually need a gearbox for wind turbine use. The gearbox may
have a significant frictional resistance. Furthermore, the cogging or resistive torque
is usually maximised when the blades are stationary. In an example we will
examine later, the 400 W turbine shown in Fig. 1 has a stationary resistive torque
of 0.36 Nm, and a starting wind speed of nearly 5 m/s. In other words, the
aerodynamic torque on the stationary blades is less than 0.36 Nm for any wind
speed lower than 5 m/s. Once the blades have started, and the turbine is producing
power, the aerodynamic torque increases significantly and the resistive torque
usually decreases (to about 0.24 Nm for the 400 W turbine). For small wind
turbines, the torque at rated power is between one and two orders of magnitude
larger than the resistive torque. For example, the 400 W rated power of the turbine
in Fig. 1 occurs at 700 rpm which corresponds to a rotor torque of 5.5 Nm.

This Chapter will describe the design and operation of small turbines with
emphasis on these major differences from large machines. It is important, how-
ever, to first discuss the basic performance parameters. Only horizontal-axis
turbines, such as that shown in Fig. 1, will be considered here.
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1 Basic Performance Parameters

The basic performance parameters of small wind turbines are the same as for large
wind turbines. The first is the power coefficient, CP, which is defined as

CP ¼
P

0:5qU3pR2
ð1Þ

where P is the power produced in Watts, q is the air density in kg/m3, and U is the
wind speed in m/s. CP is the ratio of the actual power produced to the power in
the wind due to the kinetic energy that would pass the swept area of the rotor in
the absence of the turbine. A ‘perfect’ turbine will operate at the Lanchester–Betz
limit, CP = 16/27 = 0.593…, whereas real turbines, large and small, are less
efficient. A modern large turbine has a maximum CP of around 0.5, which is
impressive given that the coefficient in practice includes the efficiency of con-
verting the rotational kinetic energy of the blades into electrical energy. Because
of their low Re, small turbines tend to be significantly less efficient.

The second important parameter is the tip speed ratio, k, which relates X,
measured in radians/s, to the wind speed:

k ¼ XR=U ¼ Vtip=U ð2Þ

where k is the ratio of the circumferential velocity of the blade tips, Vtip, to the
wind speed. k controls the angle of attack of the wind on the rotating blades
independently of the size of the turbine. It follows that the optimal operating point
of any turbine is the value of k at which CP and hence P at any U, is maximised.
(The plot of CP versus k is called the ‘‘performance curve’’ which is discussed
later). Usually k lies between 7 and 10 when a turbine is performing optimally.
Thus the tips are moving at many times the wind speed and may reach 20–30% of
the speed of sound, approximately 340 m/s at sea level and 20�C. At 70–100 m/s it
is possible that compressibility of the air reduces aerofoil performance and cer-
tainly would reduce performance if k were significantly higher [3]. The high k has
two other important consequences. The first is that the operational Reynolds
number is much higher than that during starting, as can be demonstrated by
extending the previous example. Since the rated wind speed (at which the rated or
advertised power is produced) is usually 10 m/s or higher, the Reynolds number at
rated conditions is approximately (10/3)k times the starting Reynolds number.
That factor can be in the range 20–30. Secondly, if we consider the power (in a
hypothetically steady wind) as the product of shaft torque, Q, and X, then wind
turbines, in general, can be characterised as fluid machines with high X and low Q.

However much the designer is concerned with efficiencies and tip speed ratio,
the purchaser and user are more interested in the power produced for a given wind
speed. This vital information is contained in the power curve, shown in Fig. 3 for
the turbine in Fig. 1. The solid squares in the figure shows 1-min averages of
the power output and wind speed. The averages of those averages—the
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diamonds—would then be advertised by the manufacturer as the power curve.
We are skipping over some very involved data handling and processing issues here
as can be appreciated by the fact that there is a separate IEC standard just for
power curve determination. That standard requires 10-min averaged data.
One-minute averages were used simply because there was insufficient data to
implement the standard procedure. Nevertheless, Fig. 3 shows another important
feature of any wind turbine; a finite cut-in wind speed, below which no power is
produced. For Fig. 3, the cut-in wind speed is an impressive 3.5 m/s or less. This
speed is considerably less than the 5 m/s required to overcome the generator
cogging torque for reasons that we will address in Sect. 2. All wind turbines have a
region of the power curve where P increases very rapidly with U—a cubic
dependence is implied by Eq. 1—followed by a levelling off to a maximum power,
possibly followed by a reduction to zero in high winds. These regions are not
apparent in Fig. 3 due to a lack of high wind data.

Well designed wind turbines are extremely quiet: one simple data correlation
for the sound power level, LP, gives [4]:

LP � 10�7P ð3Þ

that is one-ten millionth of the turbine’s power is output as noise. Another cor-
relation that is more accurate in some cases, at least for large turbines, is

LP � 50 log10 Vtip þ 10 log10 R� 1 ð4Þ

where now LP is measured in the more common unit of decibels (dB) [5]. Very few
measurements have been made of the noise from small wind turbines, [6, 7]. They
show that well designed small turbines can be as quiet as large ones, in the sense
that Eqs. 3 and 4 appear to be valid. LP is the strength of the source of the sound as
a multiple of the standard base level of 10-12 Watts. It is used, in combination with
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an equation for the propagation of the sound, to determine the noise level at any
point around the turbine or turbines.

2 Starting Performance

A typical low speed starting sequence for the turbine in Fig. 1 is shown in Fig. 4,
along with the wind speed and three predictions of the starting sequence. The rotor
is stationary at the origin for the time, t. The blades begin to rotate as U increases
after 6 s. They reach 250 rpm, when power extraction commences, after a further
90 s: this is the starting time. Figure 4 is typical of low speed starts in two ways.
First, the starting time is long; partly because it scales as U-2 [8]. Secondly,
starting is dominated by a long ‘‘idling time’’ of nearly 80 s, during which the
blades accelerate slowly and the angles of attack decrease; the tip angle of attack
on the stationary blade is about 86�. Somewhere after t = 86 s, the angles have
reduced sufficiently for the final acceleration to be very rapid. The idling time is
long enough for starting to be analysed using a quasi-steady blade element for-
mulation, which has many similarities to that used for predicting the power output
of turbines of all sizes. The blade is divided into a number of elements (fifteen
were used for the predictions in Fig. 4) and each element is assumed to act as an
aerofoil independently of the other elements.

It is assumed in the analysis that the wind does not decelerate through
the blades so that the aerodynamic torque accelerates the blades rather than
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produces power. The resulting autonomous ordinary differential equation for X can
be integrated using standard techniques such as the Runge–Kutta method. We will
not be concerned here with the three different predictions, apart from noting that
prediction ‘‘b’’ shows that starting can be accurately predicted with the appropriate
lift and drag values at high angles of attack. Further details can be found in [8, 9].
Starting depends on parameters that do not influence power production, such as the
rotational inertia of the blades, J, and the resistive torque of the generator and drive
train.

The discussion of starting illuminates the point made earlier that the cut-in wind
speed determined from Fig. 3, about 3 m/s, is considerably lower than the starting
wind speed of 5 m/s. The reason is that the standard method of determining the
power curve causes the ‘‘cut-in’’ wind speed to be some average of the starting and
the ‘‘cut-out’’ speed at which the blades stop turning as the wind drops. For the
turbine in Fig. 1, the cut-out speed is less than 2 m/s [8], which is considerably
lower than the starting speed simply because the rotating blades can maintain
lower angles of attack and higher torque as the wind drops.

It is extremely significant that the starting torque is generated primarily near the
hub, whereas the torque for power is concentrated near the tip. This suggests that
blades may be designed for the dual purpose of fast starting and efficient power
production. Optimisation of blade design for power only is reasonably straight-
forward. For example, it can be based on the equations for the optimum chord and
twist, Eqs. 3.67 and 3.68 of [10].

Multi-objective design optimisation is usually more difficult and often does not
lead to equations for the best performing blade, whatever that is. For example,
numerical optimisation technique of ‘‘differential evolution’’ was used to design
the blades for a two-bladed 3 m diameter rotor [11, 12]. Beginning with a ran-
domly generated initial population of 2,000 blades, the design was then ‘‘evolved’’
for 200 generations. The blades were assumed to be solid and made from a
constant density material. Figure 5 shows typical results for the approximation to
the ‘‘Pareto front’’ in terms of the two objective functions, CP, and the inverse of
the starting time, Ts. This is the time it takes for the blades to accelerate from rest
to a user-input X at a user-input U.

The Pareto front contains only those blades (typically 1–10% of the final
population) which have at least one objective function greater than every other
blade, so that every member of the Pareto front is, in some sense, optimal. The
value of the parameter a given in the legend, controls the relative importance of
power and starting in determining the fitness of each blade, and the left-most
symbol for each of the four optimisation runs represents the so-called ‘‘super-
blade’’. Exploiting the independence of the blade elements, the superblade is
assembled from the best power producing blade elements of the final population.
It is shown in [11] that in all cases, the twist and chord of the superblade are very
close to those for the optimum blade as defined by the equations from [10] that
were referred to previously. This gives confidence in the accuracy of the multi-
objective optimisation. However, the superblade is always the slowest to start, so
the first important conclusion from Fig. 5 is that it is necessary to sacrifice some
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power extraction efficiency in order to improve the starting performance. Figure 5
demonstrates that a very large reduction in starting time can be achieved for a
modest reduction in efficiency. Figure 5 also demonstrates the great impact of
resistive torque; the open symbols represent no resistive torque and the filled-in
symbols are for a constant resistive torque, Qr, of 0.5 Nm, which is not large for a
turbine rated at 1.5–2 kW.

3 Yaw Behaviour and Gyroscopic Loads

As the wind direction changes, randomly and sometimes rapidly, the rotor must
follow to minimize power loss. As a rule of thumb, the reduction in power due to a
‘‘yaw error’’ is cos2(ct - cw) where ct - cw is the error: ct is the angle of the
turbine axis and cw is the wind direction, both measured relative to an arbitrary
‘‘earth-fixed’’ co-ordinate system originating at the turbine’s yaw axis. A useful
mnemonic is that a 20� yaw error causes a substantial 12% loss of power. On the
other hand, it is not desirable for the turbine to follow the high frequency wind
direction changes as these will induce high loads on the blade roots and the rotor
shaft due to gyroscopic effects. The magnitude of these loads for any turbine is
proportional to JXx, where x is the rate of change of turbine yaw: x = dct/dt.

Gyroscopic effects are shown in Fig. 6 for the 400 W turbine in Fig. 1. Again
the origin for time is arbitrary. A strain gauge was mounted on the upwind side of
one blade just above the bolts which can be seen in Fig. 1 and calibrated to give
the root bending moment. The top part of Fig. 6 indicates that U varies between 6
and 11 m/s, X is decreasing, and the yaw rate reaches 170�/s which is the maxi-
mum specified by [1] for a turbine of this size. The bottom part of the figure
shows the blade root bending moment is a combination of the slowly increasing
‘‘average’’ component due mainly to the thrust on the blade, and the oscillating
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gyroscopic load, 2 JXx cosw, where w is the azimuthal angle of the blade.
The period of the oscillations which peak at around 2 s, corresponds to one blade
revolution. According to the simple load model of [1], the stress in the main
drive shaft, which is dominated by the gyroscopic term, is the largest stress in any
component of the turbine in Fig 1.

It is often said that a turbine with three blades is inherently smoother in yaw
than two, and this is certainly true for the loads on the rotor shaft. The reason is
that the azimuthal variation in the rotor moment of inertia about the yaw axis is
considerably reduced by adding a third blade, as can be seen by considering the
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difference in moment due to two blades being vertical rather than horizontal. This
variation leads to larger variations in the gyroscopic shaft load for two blades as
compared to a larger number. Nevertheless, Fig. 7 clearly shows that each blade is
loaded gyroscopically independently of blade number and the shaft loads do not
depend strongly on the number of blades, N. There is, however, an indirect effect
of blade number as well: to achieve the same power output a two-bladed turbine
requires blades with a higher X and J than does a three-bladed machine.

To better understand the gyroscopic loads, as well as the design of the tail fin, it
is necessary to formulate the yaw dynamics. It will be assumed that response to
wind direction changes is determined by the tail fin and not the blades. This can
only be an approximation as, for example, coning of the blades, either by pre-
setting or by the downwind deflection of a flexible blade under load, should
improve yaw stability in much the same way that dihedral on aircraft wings
improves roll stability, but the net effect appears not to be large in practice. The
oldest theoretical approach to yaw response is the pseudo-static (PS) method
developed for vanes which measure wind direction [13, 14]. More recently,
unsteady slender body (USB) theory [15] has been applied to define the yaw
response [16]. Neither is fully trustworthy; PS does not consider the aerodynamic
effects of the unsteadiness, whereas USB requires the tail fin ‘‘chord’’ to vary in
order to produce lift. In other words, USB predicts no steady lift for a rectangular
tail fin, in obvious conflict with the measurements [17]. Nevertheless (within some
further approximation for USB), both suggest that a yawing wind turbine is a
second order linear system, and this has been found to be reasonably accurate, at
least for yaw angles less than about 20�. Thus yaw behaviour can be characterised
by the natural frequency, xn, and damping ratio, f. The equations for these
quantities from the two analyses can guide tail fin design. For example, using wind
tunnel data for the lift of delta wings [18], rectangular wings and other low aspect
ratio wings [17], it is easy to see that the actual shape of the tail fin is not crucial to
its performance. This is especially true for f which must be large enough to
prevent oscillations that will add to the fatigue loading. As can be seen from the

Fig. 7 A 5 kW turbine being
raised on a guyed tower using
a gin pole. Photo by Ben Fox

204 D. Wood



following USB equations for a delta tail fin as in Fig. 1, xn, is proportional to the
wind speed:

xn � U
ffiffiffiffi
K1
I

q
and n � K2

2
ffiffiffiffiffi
K1I
p where

K1 ¼ pqb2 xþ 2
3 c

� �
=4 and K2 ¼ pqb2 x2 þ 2xcþ c2ð Þ=4

ð5Þ

I is the total moment of inertia about the yaw axis, x is the distance from the
yaw axis to the apex of the fin, b is the span (the height) and c is the chord
(the length) of the fin. These equations ignore the ‘‘added mass’’ contribution due
to the air accelerated by the moving fin, which was shown to be small [19]. They
also show that the USB equation for f is more accurate than the pseudo-static one.
The results suggest that f & 0.3 provides a good compromise between following
the lower frequency changes in wind direction and avoiding those of higher
frequency [9, 19]. It is not necessarily easy to achieve this level of damping.
Equation 5 suggests that the easiest way to increase damping is to increase b but
this also increases I. To account for different tail fin shapes, Eq. 5 can be rewritten
in terms of the lift-slope, K, defined in terms of the angle of attack, a, as

Cl ¼ Ka where K ¼ pb= 2cð Þ for a delta wing ð6Þ

The data in [17] and others can be used to estimate K for other tail fin shapes.
It will be found that changing the shape of the fin has little effect on the damping
ratio.

The initial response to a change in wind direction depends on the product of xn

and f, which is proportional to U and inversely proportional to I, which suggests
the need for a smaller I! In view of the dependence on U, it is not surprising that
the highest yaw rates occur at high wind speed; typically around 10 m/s for the
experiments on the turbine in Fig. 1, [19]. At lower wind speeds, the high fre-
quency changes are not ‘‘seen’’ by the turbine, and at wind speeds greater than
10 m/s there may well be a decrease in the maximum frequency of direction
changes.

A more complete treatment of yaw behaviour is unlikely to improve the design
of tail fins over that based solely on consideration of the natural frequency and
damping ratio as defined above. The features that so far have been ignored—the
slowing down of the wind as it moves through the rotor and over the tail, the
influence of the vorticity and turbulence shed from the blades, and the azimuthal
dependence of the flow during large yaw—are unlikely to be easily included in the
analysis.

4 Over-Speed Protection

The rapid development of power electronics over the last 20 years or so means that
the generator itself can be used for over-speed control, by slowing the blades to
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reduce the power as the wind speed approaches and exceeds the rated value. Pulse
width modulation (PWM) of the rectified generator voltage is a common method.
Furthermore, the output of PMGs can be shorted provided their thermal and
magnetic behaviour is adequate. For an inadequately designed PMG, a short circuit
can demagnetise the magnets. However, it is always possible that electronic
control will fail through ‘‘loss of load’’ and [1] mandates an additional over-speed
protection. The three most common methods are:

1. to pitch the turbine so the rotor axis tilts from the vertical to horizontal plane,
2. to ‘‘furl’’ the rotor so the axis is approximately normal to the wind but remains

parallel to the ground, and
3. to mechanically brake the rotor.

We will consider the three in turn. Pitching involves hinging the nacelle below,
and at right angles to, the rotor axis and behind the centre of mass. As U increases,
the thrust on the blades eventually overcomes the gravitational moment and pit-
ches the rotor up and the tail down. Pitching is generally used only on micro-
turbines for the following reason. The sign of the gyroscopic moment considered
in the previous section depends on the sign of the rate of change of yaw. Thus the
gyroscopic moment may act to cancel the thrust moment in a critical situation
where the turbine needs to pitch or cause the rotor to pitch unnecessarily. The
thrust scales as R2 (i.e. it depends on rotor area) and the moment arm on R. If the
blade density and blade shape are independent of R, and the maximum yaw rate is
also independent of R (the formula used in [1] gives a weak dependence on R) then
the gyroscopic moment scales as R4, and so must eventually overwhelm the thrust
moment, and invalidate pitching for over-speed protection.

Furling also relies on rotor thrust, but in this case, the rotor axis is offset in the
horizontal plane from the turbine’s yaw axis so that the thrust will eventually cause
the articulated tail boom to collapse and turn the blades out of the wind [20].
There are a number of possible complications, such as inclining the furl axis to
the vertical to introduce gravity, and inclining the rotor axis to the horizontal, but
all furling methods follow the same basic principle. There are several fundamental
problems with furling:

1. The yaw offset means a loss of power in normal operation. This is about 20%
for the turbine in Fig. 1 [9]. The mean yaw error on the furling turbine in [21] is
approximately 10�, which would cause a smaller power loss.

2. Furling can be associated with the largest gyroscopic loads on a turbine [9, 19].
3. Anecdotally, it is difficult to design a furling system that works repeatedly over

a narrow range of U and output power.
4. Field testing of a 10 kW turbine revealed that the turbine often did not ‘‘unfurl’’

after the high winds had ceased and this lead to some loss of power [22].

In the light of these problems, it is interesting to note that furling is by far the
most common over-speed protection method for small turbines above the micro
class. This is probably because mechanical braking, which is used routinely on
large turbines, can be considerably more expensive.
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5 Control System

Usually the alternating current (AC) produced by the generator is immediately
rectified to direct current (DC), often using PWM. Development of such a control
system for an 11 kW turbine is described in [23], and for a 5 kW turbine in [24].
If the turbine is part of a remote power system, the DC is fed into a battery bank
along with the DC from other renewable resources such as photovoltaic panels.
Inversion to AC occurs after the batteries. DC loads such as LED lighting can be
fed separately from the batteries through a charge controller.

For both remote and grid-tied turbines, it is also necessary to control the blade
speed. This is for two reasons: first, and most common, it is desirable that X
remain proportional to U over a large range of U, for maximum power generation
at the optimal k. The process to achieve this is usually called ‘‘maximum power
point tracking’’ (MPPT) as in [25]. This reference specifically considers a 600 W
vertical axis turbine but the basic control issues are the same for vertical and
horizontal turbines. MPPT is invariably based on the ‘‘steady-state’’ power curve,
as shown by the large diamonds in Fig. 3, whereas the instantaneous turbine
behaviour may be quite different. There have been attempts to formulate the
unsteady response of turbines to gusts etc., as in [26], and it seems a research area
well worth pursuing from the perspective of control.

In contrast to large turbines which have an anemometer to measure the wind
speed, small turbines usually track indirectly and this requires some ingenuity in
the design. On the other hand, the use of modern aerofoils for the blades usually
provides a performance curve that is flat enough around the optimum not to require
very sensitive control. Possibly the easiest way to achieve MPPT is to measure the
generator AC frequency and output power, P, both of which are readily available
whereas the shaft torque, for example, usually requires an additional sensor.
Ignoring any slip, which in most cases is small, the frequency is easily converted
into X, and the optimal relation between X and P can be compared to the short-
term averaged power and a decision made to speed up or slow down the rotor, or
leave it alone.

The second reason to control blade speed is for safety at high wind speeds.
PWM can also be used for this, so that the mechanical or aerodynamic measures
discussed in that section are genuinely for ‘‘protection’’ rather than ‘‘control’’.
In other words, if the controller loses power the turbine must be protected aero-
dynamically and/or mechanically. On the other hand, the designer should be wary
of excessive pitching, furling, or braking, so the attraction of limiting X primarily
through the controller is obvious.

The rapid development of power electronics, particularly with the introduction
and widespread use of IGBTs (insulated gate bipolar transistors), has significantly
reduced the cost of controllers and inverters while improving the reliability and
performance.
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6 Towers and Installation

Small turbine sites vary widely from yachts to buildings to remote communication
and mobile phone towers. An example is shown in Fig. 7; a 5 kW wind turbine is
being erected at the Tortoise Head Lodge on French Island in Westernport Bay,
Victoria, to be used in conjunction with a number of photovoltaic panels and a
large battery bank. This turbine has a traditional tower with guy-wires. It is hinged
at the base, and is erected using a gin pole, the narrow A-frame structure mounted
close to the base.

Two of the four guy wires can be seen on either side of the tower, and there is
another from the end of the gin pole to the tower. The turbine is being raised by the
tractor on the skyline. Using a gin pole is one of the few ways to raise the tower
and turbine from the ground, especially for sites where it would be very expensive
or impossible to bring in a crane. It is easy to show that maximum tension in the
tractor cable occurs when the tower has just lifted from the ground and is
approximately mgl/L where m is the total mass of turbine and tower, l is the
distance along the tower to the centre of mass, and L is the length of the gin
pole [27]. (The ratio l/L may be termed the mechanical disadvantage of the
gin pole as it is usually lies between two and four.) There is, however, at least one
major drawback to a hinged tower with guy wires: the tower foundations cannot
withstand the worst case overturning moment of the turbine thrust and wind load
on the tower when they act in the direction of the tower raising or lowering. Thus
the guy wires must have substantial foundations in order to resist this moment.
This is one reason why some modern turbines use tubular towers that are bolted to
their foundations, as do large turbines. Of course, these unsupported towers must
be stronger than towers with guy wires and, therefore, more expensive.

Siting of a small turbine can be critical for its performance, but is, unfortu-
nately, often very dependent on the micro-meteorology of the site and the presence
of buildings and trees. A generally very useful guide to siting is provided by the
British Wind Energy Association [28]. Siting often involves a consideration of
power losses and cabling costs if the turbine must be placed at a large distance
from the load. The crest of a gentle hill clear of trees is usually preferred, but the
common advice that the tower height should be as high as practicable (as in [28])
needs careful consideration. In the ideal case of flat terrain with regular roughness,
the increase of the mean wind speed with height is given by the logarithmic
law [10]. Combined with an analytic approximation to the power curve, and data
on the variation of tower cost with height, the optimum height, in terms of
maximizing the power output per unit capital cost and ignoring the effect of tower
height on transportation cost, could be as low as 14 m, [29]. (This analysis was
based on the extensive data on towers and related issues on the web site for Bergey
Windpower [30]). The optimum height increases with decreasing roughness, but in
most cases the cost per unit power is fairly flat with height, so there was often very
little difference between tower heights of say 20 and 30 m. The optimum is,
however, very dependent on the cut-out wind speed, the speed at which the turbine
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shuts down by pitching, furling, or braking for safety. This speed is usually much
lower for small than for large turbines because of the higher X, and increasing the
tower height causes the turbine to experience more wind speeds above cut-out.
Generally and obviously, the higher the cut-out wind speed the higher the optimum
tower height. In the cases analysed in [29], the cost of a tower of optimum height
was around 30% of the combined cost of the turbine and tower.

Small turbine heights are often similar to the heights of surrounding trees. The
turbine in Fig. 1 is mounted on an 8 m tower on the roof of a four-story building.
There are trees of height comparable to the building on all sides. The average
wind speed is low, about 3.9 m/s, but the turbulence level is very high at around
40% [3]. For turbines away from buildings, a thick tree cover reduces the effective
tower height. In meteorological terms this is because the ‘‘zero plane displace-
ment’’ for the logarithmic law for the wind speed is often more than half the mean
tree height. For example, the displacement was found to be 65% of the mean tree
height of 7.5 m [31]. The turbulence level is also raised as seen in [31, 32]. If the
turbine is placed in a clearing, then it should be at least five times the mean
tree height from the nearest tree to avoid the ‘‘dead zone’’ immediately behind
the trees [33].
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coefficient, 8, 10, 13, 17, 19, 21, 22, 24, 35,

36, 52, 1, 136, 165, 168, 173, 198
curve, 23, 24, 25, 77, 78, 81, 87, 115, 116,

117, 121, 124, 129, 165, 198, 201,
207, 208

factor, 160, 171, 178, 186
flickers, 160
law, 10
response, 77
system quality, 159

Prediction error, 110, 111
Prescribed vortex, 48
Prescribed-Wake, 6
Probabilistic forecast, 108, 109, 123, 125,

127, 128
Probability density function, 74, 76, 78
Proportional-Integral-Derivative, 169

R
Radar topography mission, 100
Rainflow counting method, 147
Rated power, 14, 24, 45, 73, 76, 77, 78, 81, 82,

136, 159, 162, 163, 165, 167, 168,
169, 179, 181, 185, 188, 191, 195,
197, 198, 202, 206

Rayleigh distribution, 9, 74
Reactive power, 161, 162, 170, 179, 181, 185,

186, 190
Recursive least squares, 112
Reduced frequency, 54, 60
Reliability, 8, 14, 102, 127, 128, 129, 159, 162,

164, 167, 170, 174, 205
Remote sensing, 86, 88, 92, 103, 106
Resistive torque, 197, 201, 202
Reynolds averaged N–S, 62
Reynolds number, 43, 44, 62, 196, 197, 198
Reynolds numbers, 35, 38, 43, 195, 196
Rotational sampling, 142
Rotational speed, 24, 25, 36, 136, 149,

161, 162
Roughness height, 72, 73, 90, 99
Runge–Kutta method, 201

S
Safety system, 166, 167
SAR, 86, 93, 95, 96, 97, 99, 100, 101, 102,

103, 106
SCADA, 167, 170
Scale factor, 74
Scatterometer, 86, 93, 97, 102, 103
Shaft torque, 28, 198, 207

Sharpness, 127
Short-term forecasting, 108, 118, 129
Skill-score, 128
SN-curve, 151, 147
SoDAR, 86, 87, 88, 89, 90, 91, 92, 102
Solidity, 28, 34, 36
Specific yield, 14
Spread/skill relationship, 128
Standard deviation, 75, 90, 108, 109, 119,

124, 127
Starting torque, 201
Static synchronous

compensator, 181
Steady JET wake model, 138
Stiffness coefficient, 171
Structural dynamics, 4, 10, 26, 59, 64
Synchronous compensator, 181, 182, 188

T
Tail fin, 195, 204, 205
Thyristors, 179, 182, 183
Tip loss, 37, 38, 39, 41, 52
Tip speed ratio, 24, 25, 27, 33, 34, 37, 51, 52,

53, 54, 165, 168, 195, 198
Torque, 165, 167

coefficient, 1, 18, 19, 21, 22,
28, 29, 30, 54

Tower shadow, 4, 53, 61, 134
Turbulence, 8, 11, 12, 13, 14, 46, 49, 50, 54,

58, 60, 62, 63, 85, 90, 91, 106, 140,
141, 142, 143, 146, 147, 150, 156,
166, 205, 209

intensity, 13, 91, 143, 146
wake, 2, 17, 19
wind effects, 12

U
Ultimate load analysis, 153
Unsteady loads, 12, 20, 61
Unyawed flow, 14, 15, 18, 21, 23
Upscaling, 108, 124

V
Var compensator, 181
Variable pitch control, 160, 163, 164
Variable speed, 23, 24, 160, 161, 162, 163,

165, 176, 187
Velocity–power proportionality, 77
Viscous losses, 16, 52
Voltage control, 177, 178, 181, 183, 185

dips, 160, 162, 175
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V (cont.)
Vortex

methods, 40, 42, 47, 48, 49, 63
state, 17, 19, 2
shedding, 57, 55, 138
theory, 38, 42, 59, 60

W
Wake, 4, 11, 14, 16, 18, 19, 23, 26, 29, 38, 41,

46, 47, 48, 49, 50, 54, 59, 61, 62, 63,
64, 1, 89, 91, 95, 97, 102, 138, 140,
141, 211

array effects, 11, 14
deficit, 92, 141
expansion, 18, 50
generated loads, 133
induction factor, 22

WAsP, 85, 100
Wave loads, 133, 144
Weibull distribution, 9, 74, 79, 96, 98
Wind power forecasting, 107, 114, 116, 118,

123, 125, 129, 132
Wind profile, 8, 10, 11, 72, 73, 85, 91, 99
Wind resource mapping, 85
Wind shear, 28, 136
Windmill brake state, 16
Windvane, 166

Y
Yaw, 1, 167, 169, 202

angle, 21, 166, 168, 169
misalignment, 15, 19, 20, 21, 22, 23, 41,

42, 47, 58, 59
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