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Abstract
Small wind turbines (SWT) are designed according to the international standard IEC 61400-2,
which assumes the SWT experiences a set of standard wind conditions, developed through
assumptions of flat terrain and normal turbulence models. In practice, other wind conditions
can exist at SWT sites including winds, influenced by terrain, that feature speed and turbulence
behaviour outside the set of standard conditions.

This results in the turbines suffering

operationally and structurally when operated in such terrains. In this study, wind conditions at
two contrasting locations; one from built environment (Port Kennedy) and another from open
terrain (Östergarnsholm), are analysed and benchmarked against the standard for comparison.
The findings show that the longitudinal turbulence intensity (TIu ) at Port Kennedy is higher
than value estimated in the standard while the TIu at Östergarnsholm is within the standard’s
estimate. These wind fields are used as inputs in the aeroelastic code, FAST, to investigate
performance and loading of a 5 kW horizontal axis wind turbine. The findings suggest that
elevated turbulence in Port Kennedy wind increases the output rotor power while the Port
Kennedy wind also doubles the fatigue load on the turbine blades. The probability density
function (PDF) of the wind speed increments reveal that the Port Kennedy wind shows the
highest intermittency of turbulence at small timescales and this appears to manifest as higher
intermittency of the rotor dynamic loads. The PDFs of rotor torque, thrust and blade flapwise
bending moment all show increased likelihood of extreme events for the turbine operating in
the built environment with reduced fatigue life than the same turbine operated in the open
terrain. The conclusions are that the standard appears inadequate for SWTs sited in complex
sites with non-standard wind conditions and requires modification to make it more inclusive of
turbulent sites to assure their reliable deployment.

Keyword: small wind turbine, terrain, turbulence, intermittency, fatigue loading, FAST
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Chapter 1

Introduction
1.1

Chapter introduction

With the rapid growth in population, global energy consumption is projected to
increase by 56% between 2010 and 2040 [1]. In 2015, fossil fuel (coal, petroleum and
natural gas) accounted for 78.4% of global final energy consumption, with the share of
renewables (modern and traditional) and nuclear power at 19.3% and 2.3%
respectively [2]. Worldwide, the share of renewable energy is increasing to address
global climate change by 2030.

Modern renewable energy sources like wind,

hydropower, geothermal, wave, tidal, etc. are being used increasingly in four distinct
markets: power generation, heating and cooling, transport fuels, and rural/off-grid
energy services [3]. In recent years, progress has been made in increasing the renewable
energy share in the power sector particularly in the wind, solar photovoltaic (PV) and
hydropower sectors [4]. Wind and solar PVs have shown a significant reduction in
cost/kWh and an increase in the market growth in the last two decades due to
emerging technology, competitive procurement and a large base of experienced project
developers [5]. The demand and market of wind power have been increasing modestly,
registering a significant cumulative growth in capacity each year, as seen in Figure 1.1.
In 2017, the global renewable power capacity was 2195 GW, out of which 540 GW was
from wind energy through utility-scale wind turbines, which represents a cumulative
growth of 10.88% compared to 2016 statistics [6] .
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Figure 1.1: Global cumulative wind energy capacity in Gigawatts. Renewables 2018
Global Status Report

Australia has 6.1 GW installed capacity of wind energy at the end of 2018 that accounts
for 33.5% of the total renewable energy supply and 7.1% of Australia’s overall electricity
demand [7]. Small wind turbine (SWT) technology, either used as a stand-alone unit or
combined with solar, micro-hydro, diesel or other power sources on micro-grids, are also
gaining popularity around the world. SWTs fulfil a unique niche market making most
usage at off-grid applications in remote areas as well as isolated communities for rural
residential electrifications, telecommunication stations and often in hybrid systems with
diesel generators and solar PV modules. Small wind systems are also typically installed
to offset a portion or all of the electricity at a site [8]. Such micro-grids at local level
can be the small-scale versions of centralized utility that help achieve specific power
demand, reduce carbon emissions, diversify energy sources and also reduce cost. Offgrid micro-grids as such are an ideal way to integrate renewable energy at the local
level and SWTs can be one promising source to tap local energy and increase the supply
fraction of renewable energy. Compared to small wind, solar electric systems have wider
geographic applicability, however, the wind resource in a good area can yield higher
capacity factors with small wind schemes compared to a solar PV system [9].
The small wind market in recent years has been steered by supportive government
regulations, cost-effectiveness and growing technological advancement that have
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Figure 1.2: Small wind energy share, total global installed capacity, with estimated
generation target at 2020, Small Wind World Report, 2017

increased the global interest and growth in adopting small wind energy schemes. Due
to cost-cutting technological advancement and modern manufacturing techniques, such
a low-cost, green energy source makes an attractive means to harness wind energy
locally. At the end of 2015, there was a noticeable increase in the installation of SWTs
with the global capacity reaching 948.5 MW, which is 14.3% more compared to
2014 [10]. The small wind market is projected to register a global installed capacity of
2000 MW by 2020, which creates a lucrative small wind energy market for both
manufacturers and researchers, refer Figure 1.2. SWTs offer an attractive source for
generating electricity and can be found installed in diverse locations. The global market
for SWTs is also potentially large as there is a plethora of urban, peri-urban and open
terrain sites offering an excellent choice of sites for operating these small wind
technologies. They are installed in locations ranging from open unobstructed fields to
lands with varying terrain types, amidst natural and man-made obstructions and
sometimes in urban terrain and the rooftop of buildings. Historically, SWTs were used
in rural, off-grid environments however, in recent times, there is an increasing trend of
using SWTs as distributed and community wind installations in built environments as
well. An ideal location to install SWTs is in open, unobstructed terrain, nevertheless,
recent developments in wind energy technology have shown promising opportunities
for installing SWTs in urban locations amidst the complex terrain.
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Figure 1.3: HAWTs installed in urban locations. (a) 2-bladed 5 kW Aerogenesis turbine
at The University of Newcastle campus, NSW, Australia (b) 2-bladed SOMA turbine at
Murdoch University’s outdoor testing facility, Western Australia (c) 5 kW WESTWIND
turbine at Piney Lake Reserve in Western Australia (d) 1.5 kW SWIFT1 wind turbines on
the rooftop of Bunnings Warehouse at Port Kennedy (now removed), (e) 3-bladed 1 kW
AIRDOLPHIN2 turbines at Östergarnsholm, Sweden

1 SWIFT

Wind

Turbine

System.

https://www.ecopowershop.com/

swift-1-5kw-quiet-wind-turbine-system (Accessed: 9 July, 2019)
2 Zephyr Corporation. https://www.zephyreco.co.jp/en/pressrelease/release_35117.
jsp (Accessed: 9 July, 2019)
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The standard, IEC 61400-2 Part 2 Design requirements for small wind turbines [11]
(subsequently referred to as ‘the standard’) is the design standard for SWTs.

The

standard defines SWT as wind turbines that have a swept area of < 200 m2 or having an
upper power output limit of 50 kW. Such SWTs can be seen installed in diverse
locations as in a park, on a rooftop, amongst vegetation or on a near-shore flat terrain
site as shown in Figure 1.3. They can cater to meet the multiple objectives of harnessing
the local resource, off-grid energy production, providing an economic benefit as well as
showing commitment to green and sustainable energy. In recent times, SWTs in the
built environment are becoming popular on a small distributed scale or as stand-alone
units due to a growing market, cost reductions, matured experience and technological
innovation [12]. The built environment indicates urban areas, peri-urban areas, the
rooftop of a building or sites with similar urban obstructions. With their increasing
abilities in harnessing the wind resource, SWTs in urban areas, e.g. built-environment
wind turbines (BWTs), including building-integrated or -augmented wind turbines
(BUWTs/BIWTs) and building-mounted wind turbines (BMWTs), are also gaining
popularity along with their commercial open-terrain and offshore counterparts.
Such small wind units have a compact design that house a generator, gear system and,
control components within the turbine nacelle.

The most suitable type of turbine

depends on its cut-in wind speed, flexibility in installation and operation, height-limit
and aesthetic integration with the existing morphology in the built environment.
Horizontal axis wind turbines (HAWT) are found to be used more widely and offer
more choices in design and location of installation.

Like large wind turbines,

three-bladed HAWTs are the most popular. A two-bladed wind turbine will have to
rotate faster than an equivalent size three-bladed turbine to capture same amount of
energy and will reach optimal aerodynamic performance at higher tip speed ratio.
HAWTs offers increased rotor speed control through pitch and yaw control and
therefore have emerged as a dominant design configuration for both large and small
scale applications [13]. In general, SWTs are able to operate in non-ideal locations with
low average wind speed and turbulence, are easy to install and involve little
maintenance over their service life. These units are generally designed to start running
at wind speeds of 3-5 m/s but some SWTs deployed in the urban environment can
5

cut-in at lower wind speeds where the average wind speed is low [14]. SWTs operating
in an average wind speed of 5.5 m/s would yield approximately 150 - 400
kWh/m2 /year;

the yield of large turbines varies between 800 and 1200

kWh/m2 /year [15].

1.2

Problem Statement

The concept of urban wind sites and SWTs together ‘clashes’, as the wind conditions
and obstacles in built environment locations contradict the general notion of siting wind
turbines, which generally is having them installed in conventional open terrain sites
with high, unobstructed, winds. With increasing urbanization and inclination towards
harnessing clean energy, such complex sites with non-standard wind conditions have
also become a possible choice of location to install SWTs. However, such sites pose
a challenge in both assessing the wind resource accurately and achieving the desired
operation of the turbine.
Low wind speed, increased turbulence, and directional variability are some peculiar
features of urban wind conditions [16]. The small wind schemes operate closer to the
ground compared to their megawatt-sized counterparts, which have towers perhaps
80-100 m above the ground. While open terrain sites are favourable in harnessing the
wind power, there are certain sites where it is difficult to ensure the productivity of
the turbine. The ability of the turbine to tap the local wind resource depends on a
number of parameters such as wind speed and direction, wind shear and veer by virtue
of terrain type and presence of obstacles, atmospheric stability- all ensuing turbulence
and complex flow dynamics within the wind flow field [17]. When the terrain changes,
the wind conditions also change significantly due to the presence of obstructions and
increased surface roughness levels. The resulting variable nature of the oncoming wind
field can have a significant impact on the performance and dynamic behaviour of the
turbine. Although a dedicated standard for design and installation of SWTs is available,
which is also utilized to predict the performance and loading of the turbine, the standard
is not inclusive of all types of wind conditions based on the terrain. The IEC 61400-2
6

standard assumes that SWTs experience only a set of standard wind conditions that are
developed through assumptions of wind conditions in flat terrain. In practice, other
wind conditions can exist at SWT sites that include winds, influenced by terrain, that
feature speed and turbulence behaviour outside the set of standard conditions. This
research focusses on the operational challenges faced by SWTs due to ‘non-standard’
wind conditions transpiring from complex terrain features and the resulting impact on
their performance and fatigue loads.

1.2.1

Technical features of small wind turbines

At this point, it will be rational to first shed some light on the technical aspects of
horizontal-axis SWTs and on the IEC 61400-2 design standard followed for their
installation in the ‘usual’ open terrain locations. As the standard is based on open
terrain wind conditions where the wind is essentially uniform and undisturbed, there
are likely to be challenges when operating these units amongst urban wind conditions,
which differ from the open terrain wind conditions in terms of elevated turbulence and
strong three-dimensional flow.

The upcoming sections elucidate the operational

challenges for SWTs in urban terrain, as an example of non-standard wind conditions,
and to tease out the research questions and set the objectives for this research.
There are several factors that prevent the guaranteed performance of SWTs operating
in an urban environment. The wind speeds at a given location are very important as
power extracted from the wind has a cubic relation with wind speed. Additionally, the
power generated by a wind turbine is also proportional to the swept area of its rotor.
Doubling the rotor diameter increases the swept area by four times and thus results in
increased power output. Built environments have limits on both the wind speed and the
size of the rotor - such sites neither have high average wind speeds nor space for the
blades to be long enough to have a large swept area. There are places with constraint
in the maximum power SWTs can harness from urban wind flow fields. Apart from the
turbine’s output power restricted by the Betz- Joukowsky limit, which is independent of
turbine size, there are operational issues involved with SWTs that depend on factors like
the location of operation, starting behaviour and performance in fluctuating wind, low
7

Table 1.1: Dependence of turbine parameters on radius of rotor
Parameter

Dependence

Reynonds number (Re)

r

Power output

r2

Noise output

r2

Centrifugal loads

r2

Starting torque

r3

Intertia of blades

r5

operating Reynolds number, high angle of attack, etc. [18, 19].
The aerodynamics of SWTs is strongly influenced by the Reynold number, Re. Due
to the linear dependence of Re with the radius of the rotor, r, as shown in Table 1.1,
low operating Re is common to all small turbines due to their smaller size. Rarely do
SWTs have active pitch control; the fixed blades do not give the freedom to adjust the
blade’s angle of attack to the prevailing wind conditions. So, a turbine blade that is
designed for optimum power extraction at high tip speed ratio (TSR) will have difficulty
to generate sufficient lift to lift the blades and extract power from the wind at low speed.
When operating at low Re, typically less than 100,000 for SWTs (compared to > 106
for large WT), in the complex terrain, SWTs will also experience a pronounced effect of
increased turbulence intensity and high surface roughness; features common to the built
environment sites.
The TSR is the foremost design parameter that dictates the optimum rotor dimensions.
It relates rotor blade tip velocity with relative velocity of wind, which is expressed in
Equation 1.1.
TSR =

Ωr
V

(1.1)

where ‘r 0 is the radius of the rotor, ‘V 0 is the oncoming wind velocity and Ω is the
rotational speed. From Equation 1.1, in order to maintain optimum tip speed ratio, the
rotational speed of rotor should increase with decreasing rotor size. With small sizes
of wind turbines, the length of the blades is shorter, so the turbines should operate at
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high rotational speed. A high tip speed requires reduced chord widths, which results
in the blade having narrow profiles. This is advantageous in reducing the amount of
blade material and lowering the production cost but such slender blades are bound to
experience high centrifugal and aerodynamic forces.
The ability of the turbine to extract power at low mean wind speed is closely associated
with the turbine’s ability to start quickly. Small turbines usually rely on aerodynamic
torque for starting, and a tail fin for yaw adjustment [19]. With the cubic dependence
of aerodynamic torque with rotor radius, ( Q ∝ r3 ), the starting torque on the stationary
blades must overcome the resistive torque in the generator and drive trains to generate
power. Generators on SWTs often pose significant resistive torque before they can start
turning and aerodynamic torque overcomes the resistive torque.
HAWTs are sensitive to changing wind direction as the turbine has to constantly reorient
itself towards the oncoming wind direction. Often, HAWTs in the ‘small’ size range
are free-yaw machines that rely on passive mechanisms to align the rotor with wind
direction. In the case of the upwind rotor of a HAWT, the rotor tracks the wind direction
by means of a lifting force on a tail fin for yaw adjustment. However, the unregulated
tail fin at the mercy of oncoming wind can have complex aerodynamics during winds
that are constantly fluctuating in speed and direction [18]. During constantly fluctuating
wind direction, the turbine is more likely to have alignment errors that are a function
of the time scale of turbulence in the wind [20]. Yaw misalignment arises from the
disagreement between the wind direction and the orientation of the rotor axis. The poor
yaw performance in fluctuating wind direction can potentially lead to large gyroscopic
forces exerted on the moving rotor and yaw system.
Generally, SWTs installed in the built environment have a smaller rotor size and their
size does not interfere with the extended region of the vertical wind profile. SWTs of this
size are dynamically rigid, thus small changes in local forces will affect the entire system.
Unlike a VAWT that can cope with the fluctuating wind direction, the performance of a
HAWT is highly dependent on the direction of the wind and its magnitude [21]. Such
turbines operate on the basis of a few passive control principles (for aligning the rotor
with the wind direction, braking, and furling to prevent over-speed during high winds)
9

and the majority are devoid of a pitch control system [20]. This results in the blades
and tower bearing most of the fatigue loading on the turbine. Additionally, the passive
yawing in SWT with a tail-fin can result in large gyroscopic loading when operating at
complex sites with frequently changing wind direction. The turbine constantly strives to
orient itself to the oncoming wind of varying magnitude and direction, which results in
increased loading on the turbine components. Operating in stochastic wind conditions
can significantly reduce the expected service life of turbine components such as the
rotor shaft, gearbox/drive trains and generator. Such non-standard wind conditions
in complex sites may demand more robust components, stronger foundations and better
control systems for SWTs.

1.2.2

Wind conditions in open and complex terrain

The wind conditions in a location are greatly influenced by the type of terrain and the
presence of obstructions. It is evident that a turbine encounters less turbulence and
performs better when placed high above or far away from obstacles. At a height above
1 km from the earth’s surface, the wind is hardly influenced by the topography of the
earth. Obviously, turbines cannot be installed at this height and will have to operate
within the lower portion of the atmosphere, within the planetary boundary layer or
atmospheric boundary layer (ABL). In this layer, the wind profile experiences friction
against obstacles like vegetation, trees, earthly structures, buildings, terrain contours,
etc. Most open terrain sites, peri-urban or rural, have no nearby obstacles to disrupt the
wind resource, so they are often the ideal locations to harvest wind energy. Compared
to the wind conditions in open terrain sites, the problem with the urban wind field
is the increased level of turbulence and lower wind speeds. The influence of terrain
on the wind field can be visualized through the vertical wind shear profile, as seen in
Figure 1.4, where the wind speeds vary in speed and direction due to the presence of
upstream obstacles. In the figure, ’d’ is the displacement height and z0 is the roughness
length. So Zmin is the recommended minimum hub-height for wind turbines. The
more pronounced the obstruction or the ‘roughness’ of the terrain, the slower and more
perturbed the wind profile gets. In this regard, the open-terrain site has low roughness
10
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Figure 1.4: Wind shear profile in open terrain and built environment, adapted from
Mertens [22]
and offers an ideal site for deploying the turbines whereas, in urban locations, the turbine
has to operate in a complex flow field with lower wind speeds due to high degree of
influence from the obstacles. The built environment induces random and rapid variation
in wind speed and high turbulence intensity that is difficult to estimate.
The urban wind regime has two peculiar characteristics: low annual mean wind speeds
(AMWS) and more turbulent flow occurring in the ABL due to the heavy influence of
rapidly changing wind direction and the presence of obstacles [16, 23]. The low AMWS
stems from the pronounced surface roughness due to uneven ground topography as
well as blockage from obstacles, while the increased turbulent flow is the result of high
surface roughness, sudden changes in wind direction, interaction between oncoming
wind profile and existing buildings/obstacles, and atmospheric stability [24]. SWTs
operating in urban settings lie within the surface roughness layer and the wind flow
field experienced by the turbine in this region is significantly influenced by the surface
features.

When turbines are sited in such non-open terrain, it is more likely that

buildings, trees and other obstructions prevent the wind to flowing uniformly. This
causes a reasonable amount of uncertainty to be attached to the performance of the
turbine due to limited understanding of turbine’s response to turbulence within the
urban environment.
The IEC 61400-2 standard describes the wind field models that are used to determine the
wind conditions and are also used as input in aeroelastic codes that allows the designer
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to predict the performance and loading on the turbine to ensure that the turbine will
operate safely for the given wind conditions. Importantly, this standard is based on
the open terrain wind conditions while wind conditions at some sites e.g. in the built
environment differ significantly from that in the open terrain due to factors such as the
interaction of oncoming wind field with existing obstructions and orographic features,
frequently changing wind speed and direction, atmospheric stability, etc. The standard
uses a normal turbulence model (NTM) to define turbulence in the inlet wind, which
is based on the assumption that the turbine will be installed in open, flat terrain. The
standard assumes a turbulence intensity of 18% regardless of the nature of the wind
regime at the site (wind Class) and also assumes that the turbulence fluctuations are
normal in their distribution i.e. non-intermittent. However, many complex terrain sites
have exhibited turbulence intensity higher than the estimate of the standard [25–27].
Despite the range of sites of installation of SWTs from open terrain to complex sites, the
wind model in the design standard is the same and the turbines in non-open terrain
experience wind conditions that lie outside the range of wind conditions modelled in
the standard. The model is inadequate and can underestimate the wind conditions in
urban areas when turbines are designed based on the standard wind conditions but
when installed experience non-standard wind. It is more likely that the turbines are not
going to perform reliably. Not considering the salient features in the urban wind field can
lead to over-optimistic predictions of turbine power [16,28], increased fatigue [29,30] and
sometimes even premature failure of the turbine [31, 32]. Such unreliable performance
question the relevance of the existing IEC turbulence model for the safe design of the
turbines to operate within the urban wind conditions.
Unlike large scale wind projects, site-specific wind resource assessment and in-service
load measurement are not a common norm for small wind schemes due to limited
budget. Due to a lack of the data on local wind field and stochastic loads on SWTs in
terrains with ‘dirty wind’ i.e. high levels of turbulence or intermittency in turbulence,
small wind developers, by adhering to the standard, may risk over-designing the
components for the turbines to be installed in non-open terrain, and still may not
guarantee the turbine’s expected operation.
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In relation to component design, the

standard allows for three methods viz. use of a simplified load model (SLM), in-service
measurement and aeroelastic simulation, to compute the design loads. Recent studies
have shown that the SLM method is highly conservative in calculating the design loads,
at the cost of high safety factors [33]. The stochastic nature of urban wind and elevated
turbulence levels impose higher loads on the turbine components, which reduce the
expected service life of the turbine through fatigue loading. Generally, wind turbines
are designed to handle the peak loads they experience during the fluctuations of winds
e.g. maximum 3-second gusts. However, the stochastic variation in wind speed and
turbulence are difficult to estimate in complex environments. Not understanding the
wind condition accurately can lead to under-designed turbine operating at turbulent
sites.
The standard appears incomplete for wind turbine designers who may wish to site their
turbines in ‘non-standard terrain’ where the wind conditions may also be non-standard.
In such a scenario, either one has to over-design the turbine so that it can cope with
the elevated turbulence or the turbine has to be mounted on a tower high above any
nearby obstacles or installed somewhere to avoid the turbulent wind flow field. Overdesigned turbines or turbines mounted on a higher tower directly affect the technical
requirements for turbine components and generators, involves more cost investment
and makes the power scheme relatively more expensive and difficult to compete with
other cost-effective alternatives like solar PV. On the other hand, changing the site of
installation to avoid turbulence negates the purpose of having a turbine in the proposed
location.
The inconsistent performance and failure of wind turbines in the built environment is
likely to be due to insufficient statistics that describe atmospheric turbulence in urban
wind conditions and inadequate design consideration thereafter. Factors such as the
morphology of the urban location, low mean wind speeds, sudden changes in wind
direction, extreme wind speed fluctuations and wind events, unusual wind shear,
changes in atmospheric stability, etc., degrade the performance of turbines in the built
environment [25, 34]. It is crucial to understand the wind conditions in complex terrain
and how and in what conditions they vary when compared to the standard’s estimates.
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It is also imperative to understand the impact of such non-standard wind conditions on
the operation of the turbine. Despite the advanced manufacturing process and design
techniques of wind turbines, the physics of turbulent wind in the built environment
and its related statistics during interaction with SWTs are still not known sufficiently.
Understanding of local wind conditions, dynamic loads on turbine components, yaw
rate and other technical specifications is crucial in designing or modifying the
commercial units [34]. Lack of understanding of local wind conditions produced by the
stochastic wind interactions with localized structures results in poor siting and
improper deployment of such SWTs impedes safety, durability and performance [34].
While deploying such SWTs in varying terrain, it is imperative to consider the
stochastic nature of the local wind conditions that transpires from high surface
roughness and interaction of the wind with prevailing structures. It is necessary to
characterize the wind field in non-standard terrain by quantifying the turbulence level
and assessing the impact of elevated turbulence on the performance and fatigue loads
of the turbine. Therefore, this research aims to gain insight on the impact of terrain on
wind conditions and investigate how the performance and fatigue loads of a SWT vary
at different terrain sites. This study attempts to investigate the peculiar nature of
‘non-standard wind condition’, intrinsic to a built environment, which lie outside the
scope of the standard, and the challenges faced by the turbines while operating in such
complex terrain.

1.3

Objective of the research

The premise for this research is built around the above discussion and the author’s
understanding of how wind conditions in built environment differ from the wind
conditions in open terrain.

This deviation depends on the degree to which the

complexity of terrain results in turbulent three-dimensional flow experienced by the
turbine.

Such non-standard wind fields are found to affect the performance and

structural integrity of the turbines. Having discussed the limitations of the current
wind standard in determining the turbine operating loads accurately and representing
the complex wind dynamics in non-standard terrain, the main objectives of this
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research are:
• To analyse the wind characteristics, including wind speed, turbulence and
intermittency, using measured datasets at one built environment site, compare
these with the wind characteristics at one open terrain site and benchmark them
against the IEC 61400-2 standard;
• To investigate the impact of wind characteristics at the varying sites on the power
performance and fatigue loads of SWTs using the measured datasets and an
aeroelastic code;
• To investigate the impact of intermittent turbulence in the measured wind fields
and gauge its impact on the aerodynamic loads of a SWT rotor;
• To use the variation in results between the non-standard and standard wind
conditions to quantify the extent to which the IEC 61400-2 standard is suitable for
installation of SWTs in complex terrain sites.

1.4

Scope of the research

In order to understand the effect of terrain on the operational and fatigue loading of
SWTs, the author considers the following approach:
• Evaluate measured data from an urban location and an open terrain location and
benchmark the results against the standard’s wind model. The choice of two
disparate locations is used to try and obtain clear demarcations in terms of the
effect of terrain on turbulence and turbine output performance based on these
two wind fields compared to the IEC wind case;
• Analyse the measured data in terms of turbulence and intermittency of turbulence
using one-point and two-point statistical analyses, respectively;
• Perform aeroelastic simulation of a small wind turbine with selected data sets from
both locations and the IEC wind case to quantify the deviations in power and
impact of the wind field on the rotor loads/ fatigue loads.
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1.5

Structure of the thesis

The structure of this thesis is in the following order:
Chapter 1 provides a rationale for this study, where the readers are informed about
how non-standard wind conditions can exist in complex terrain, which is not catered
for by the current wind standard, and the ensuing operational challenges of SWTs in
such terrain. Based on this premise, the chapter identifies the research gap and set the
aim and scope of this research.
Chapter 2 will elaborate on the limitation of the current wind standard with respect to
the urban wind flow field, the presence of increased turbulence in urban winds and the
deviation from the turbulence model in the standard. This chapter will bring together
previous studies and literature done to assess the impact of wind fields on power
performance and the fatigue loading of wind turbines operating in such sites. The
author also explores available literature on the intermittent nature of turbulence in the
wind flow field. These studies will identify the gap in the knowledge related to the
non-standard wind conditions in urban wind fields, the relevance of the current
standard and the challenges in deploying SWTs in such sites when designed in
accordance with the standard.
In Chapter 3, the readers will be introduced with one-point statistical approach and its
higher-order moments to analyse measured datasets and quantify the turbulence.
Additionally, two-point statistics that involves the autocorrelation of the speeds at two
different points in the time history, resulting in the incremental velocities, will be
explained, which serves as a basis for the intermittency analyses in Chapter 7. The
chapter will also shed light on various aerodynamic loads experienced by a HAWT and
the estimation of the resulting fatigue loads on the turbine blades.
Chapter 4 will contain the general methodology adopted to carry out different aspects
of this research. The methods applied for one-point statistical analysis and two-point
statistical analysis of the wind data sets from the chosen location will be presented. The
chapter will also provide detailed information and methodologies in using different
statistical and mathematical techniques to analyse the wind data, e.g.
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turbulence

intensities, probability density function, etc., as indicated in IEC61400-2 to quantify
turbulence. Additionally, a two-point statistical analysis of the wind data is explained
in this chapter to investigate the intermittency of turbulence in the wind field. This
section also presents the readers with fatigue life estimation techniques using rainflow
counting algorithm and Miner’s Sum method to evaluate the effective loads on the
turbine blades and to estimate its damage life.
Chapter 5 will incorporate information on modelling techniques and analysis settings
used in the adopted aeroelastic code, FAST, and wind field simulator TurbSim, to gauge
the impact of different wind fields on the performance and loading of a SWT. A FAST
model of a SWT and the discussed methodology is used to execute the aeroelastic
simulation and assess the operational and structural response of the turbine.
Chapter 6 will have an elaborated discussion on the results obtained through the FAST
simulations. The performance and fatigue loading on the turbine blades with different
wind conditions from the two chosen sites will be compared and benchmarked against
the values from the IEC wind model cases. The results from the FAST simulations in this
chapter will place emphasis on the impact of wind speed and turbulence on the output
power of the turbine and fatigue loads imposed on the turbine blades and quantify the
deviation from its expected IEC design values while operating in complex terrain.
Chapter 7 will focus on evaluating the intermittency in the measured wind data sets and
investigating the impact, if any, of turbulence intermittency on the rotor loads of the
turbine. The small scale turbulent structures present in the wind field that are capable of
forcing a dynamic response from the turbine at appropriate time scales will be studied
here and the impact of such structures will be evaluated using a two-point statistical
analysis of rotor loads and turbine power data obtained from the aeroelastic simulation.
Chapter 8 will summarize the findings of this research, the key contribution this research
has made in characterizing non-standard wind flow fields and the application of SWTs
in complex sites, and make recommendations on improving the current standard for
SWTs. The limitations in this study and possible future directions of this work will also
be mentioned.
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Chapter 2

Literature on small wind technology,
wind turbulence and turbine loading

2.1

Chapter introduction

Small wind turbines (SWT) are designed in accordance with the international standard
IEC 61400-2, which assumes the SWT experiences a set of standard wind conditions
developed through assumptions of flat terrain and normal turbulence models.

In

practice, other wind conditions can exist at SWT sites that lie outside the set of standard
conditions. Most wind turbines in such sites are operating with limited understanding
of the prevalent wind field and its impact on the operation of the turbine. Issues related
to the elevated level of turbulence, underestimated power, structural integrity,
vibration, fatigue failure are some of the prominent concerns that demand more study
and accurate quantification to understand the relevance of the standard for siting SWTs
in complex terrain. This chapter discusses the research conducted so far to understand
the inherent complexities associated with wind field in complex terrain and challenges
in the reliable operation of SWTs in these sites in terms of their performance and
structural loading.
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2.2

Wind turbulence and IEC 61400-2 standard

Wind turbines are designed according to the international standard IEC 61400 series for
their durability and performance. These standards describe the wind field models, the
occurrence of turbulence and extreme events, that are required by wind turbine
manufacturers to predict the design loads on turbines. The standard IEC 61400-2 [11]
specifies design requirements, e.g.

design loads, installation, operation and

maintenance, for small turbines installed in open and flat terrain.

These design

requirements are defined in terms of wind speed and turbulence parameters. It defines
four different standard SWT classes (I-IV) to describe the external conditions of the
various types of sites as shown in Table 2.1. These classes characterize a range of site
with wind conditions that a SWT may experience from normal to very high average
and maximum wind speeds with turbulence intensity considered a constant value for
all wind classes.
Table 2.1: Basic parameters for the standard SWT classes I-IV, s to be described by the
manufacturer (IEC 61400-2- 2013)
Wind Turbine classes
Basic Parameters

I

II

III

IV

Vre f (m/s)

50

42.5

37.5

30

Vavg (m/s)

10

8.5

7.5

6

I15 (-)

0.18

0.18

0.18

0.18

a (-)

2

2

2

2

A

S

Value to be specified
by the designer

Vre f is reference wind speed averaged over ten minutes
Vavg is annual average wind speed at hub height
I15 is characteristic value of hub height turbulence intensity (ratio of wind speed standard
deviation to mean wind speed) at a ten-minute average wind speed of 15 m/s
‘A’ is turbulence class having dimensionless slope parameter, a, for turbulence standard
deviation model to be used in Equation 3.3 of Chapter 3
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Based on the data reviewed by the IEC Technical Committee (TC) 88 [35], two turbulence
classes, A (with parameter ‘a’ as 2) and B (with parameter ‘a’ as 3), were defined to
represent sites with high and moderate turbulence respectively. It was also agreed that
wind speeds ranging from 10 m/s - 25 m/s and in particular the values of turbulence
intensity in this wind speed range, are the most important for both fatigue and ultimate
loads. In case any special design is required, an ‘S’ class is also available to address the
special conditions, still the built environment composes a very specific and peculiar site
for wind turbines, and therefore, these parameters are not sufficient to achieve acceptable
reliability and design safety levels. The standard also presents a wind field model that
describes the external wind conditions in terms of turbulent fluctuations and extreme
wind events. Such conditions are quantified by stochastic turbulence models that are
used as inputs to aero-elastic codes to predict the thrust forces and bending moments on
the turbine.
The standard uses the Normal Turbulence Model (NTM) to describe turbulence and
turbulence intensity that includes the effects of varying wind speed and direction. The
‘characteristic turbulence intensity’, I15 , in the standard is defined as the 90th percentile
of longitudinal turbulence intensity measurements, conditional on mean wind speed,
assuming a Gaussian distribution of wind fluctuations. This wind field model uses
turbulent power spectra that have been adopted from the atmospheric models of von
Karman and Kaimal spectral density functions [36]. This turbulence model is used to
simulate wind flow fields that can be used to calculate their design loads and predict the
structural loading of SWTs [37]. Both the spectra assume a linear relationship between
turbulence level and hub-height wind speed derived by Stoke et al. [35]. The model
is based on semi-empirical observations of wind conditions over an open and uniform
terrain in Kansas, USA and specifies a characteristic turbulence intensity that is valid
for wind speeds in the range of 10 m/s - 25 m/s. The von Karman spectrum was
derived for isotropic turbulence and the Kaimal spectrum was derived from atmospheric
measurements.
Wind condition in a particular area is largely affected by ground topography and
presence of obstacles. The geometry and size of obstacles such as trees and buildings
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average wind speed
Wind field

turbulent wind

stochastic profile
mean wind speed

Figure 2.1: Depiction of turbulence in wind shear of an oncoming wind flow field,
adapted from Wind Turbines by Erich Hau1

can deflect the oncoming flow causing the turbulent eddies to approach the turbine.
The wind flow field around turbines in the built environment, e.g. ground-mounted in
peri-urban areas or rooftop-mounted in industrial estates is different compared to the
conventional locations as assumed in the standard. The non-standard terrain features
with high surface roughness and dotted with uneven terrain features can produce
unusual wind shear, as depicted in Figure 2.1, and significantly affect the level of
turbulence and the overall energy output from the turbine. When considering the same
average wind speed, the higher the turbulence, the stronger a turbine structure needs to
be in order to withstand the instantaneous and long term fatigue loads as well as
extreme wind events. Although, wind turbines are designed for a prescribed level of
turbulence intensity, different atmospheric stability conditions within the ABL can also
have significant impact on the wind conditions [38]. This aspect is beyond the scope of
this work.
1 Wind turbines.

https://www.springer.com/gp/book/9783642063480 (Accessed: 11 July, 2019)
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Wind distribution in open terrain is almost two-dimensional but the built environment
exhibits strong three-dimensional flow with large vertical components as wind moves
past the obstacle/building [39]. As the range of installation sites expand from ‘usual’
open terrain to include ‘non-standard’ built environment, the SWT design standard also
needs to be expanded to include wind classes that characterize the non-standard urban
wind conditions, i.e. wind conditions that currently lie outside the range of wind
conditions adopted in IEC 61400-2. The current situation is that turbines are being
designed as per the IEC standard pertaining to the open terrain but are then installed in
the built environment, resulting in issues related to performance and safety [40–42].
The cyclic nature of fluctuating blade loads may cause fatigue loading and can result in
underestimated loads, performance degradation and low energy yield [16, 43], and in
the worst case scenario, even a premature failure [44–46]. Although, IEC 61400-2 Annex
[M]2 includes extreme urban wind conditions as ‘other wind conditions’ and advises
that the standard model is no longer valid for the use by the designer without
modification, it is purely an informative Annex and does not provide any alternative
suggestions to address the urban wind conditions. The fixed values of turbulence
intensities used in standard NTM, as shown in Table 2.1 with respect to wind classes,
may also be not applicable for built-up sites because of uneven terrain and presence of
different obstacles. If performance and durability of SWTs in non-standard sites are to
be ensured, then the turbines must be designed in accordance with the wind inflow of
the site that they will experience. The current wind standard IEC 61400-2 does not
incorporate the non-standard wind flow features in the built environment. In order to
predict the effect of urban wind fields and cater to the design of the turbines to function
satisfactorily in the urban settings, detail knowledge and methodology to interpret the
behaviour of the urban wind, the turbulence, and its proper statistical description are
desideratum.
Issues related to urban wind conditions such as elevated turbulence, intermittency in
turbulent wind and extreme events started drawing noteworthy attention from
researchers from 2010 onwards. Before 2010, a few studies [29, 47–49] were available on
the prospects of SWTs and the complex wind conditions in urban environment. After
2 IEC

61400-2:2013 Ed.3 Small wind turbines
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2010, issues pertaining to urban wind resource assessment, the effect of turbulence on
fatigue loading and power curves, characterization of urban wind and design
optimization of turbine blades in relation to its installation in urban areas began to
draw the attention of the researchers. Some significant research has been conducted
related to the effect of turbulence on wind turbines, power performance, fatigue
loading and wake generation of WTs installed in open terrain or wind farms, which are
discussed in later sections of this review.
The IEC 61400-2 has the NTM applicable for SWTs to describe turbulence and
turbulence intensity, with the relationship between longitudinal turbulence intensity
(TIu ) and wind speed. The standard designates a maximum TIu of 18% for installing a
SWT, however many built environment sites have registered the longitudinal
turbulence intensity values well above the NTM parameters, as high as 30% in Nasu
Denki Tekko Co. Ltd. Report [50], and this has been attributed by researchers to the
high concentration of roughness elements in the area [25, 26]. These studies have shown
that wind fields in urban areas are more turbulent than in the open areas/flat terrains.
KC et al. [51] compared wind conditions in a built environment with a flat terrain wind
condition and confirmed that the urban wind flow field had higher level of turbulence
intensity (22% at the hub height wind speed of 15 m/s) than estimated by the NTM.
Evans et al. [27] looked into wind data at two urban locations and found that the
turbulence intensities at the turbine’s design wind speed of 7.5 m/s were 34% and 29%.
When compared with the NTM, the turbulence intensities at both the sites were above
18%. Likewise, Hossain et al. [52] reported that the turbulence intensity remained at or
below the IEC level in an open terrain site. The assumed value of turbulence intensity,
I15 , and slope parameter, ‘a’, appears to be invalid for the wind conditions in the built
environment.
Using high resolution measurements, Carpman et al. [26] found out that the NTM in
IEC 61400-2 underestimates the turbulence intensity in complex environments, in both
magnitude and rate of change of wind fluctuations, σu , with increasing wind speed.
Similarly, Murdoch University researchers have shown that the spectra from measured
data in the built environment are not consistent with the IEC spectra. Tabrizi et al. [37]
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studied the extent to which the IEC 61400-2 spectral functions are valid for the SWTs
installed in urban settings. They investigated whether the von Karman and Kaimal
spectra, as presented in the standard, are appropriate for use in the design of SWTs
installed in the built environment and compared the turbulent spectra from actual flow
conditions.

They considered wind data at 4 different hub heights and 2 different

atmospheric conditions (neutral and slightly unstable), used the misfit function [53] to
quantify the discrepancies between the measured data and the model predictions. The
authors observed that both the standard spectral functions significantly underestimated
the turbulence PSD of the longitudinal wind component, along with some difference of
turbulence PSD of the measured value for other lateral and vertical wind components.
As a result, they proposed a corrected Kaimal spectral function for better agreement
with measured values.
Considering the direct measurement of the wind resource, studies were carried out in
regard to the effect of two key parameters on turbulence intensity- the data sampling
rate and the averaging period.

Although, IEC 61400-12-1 Power performance

measurements of electricity producing wind turbines [54] suggests ten-minute averaging of
wind speed samples for large wind turbines and one minute for SWTs [55], Anderson et
al. [56], Rotech et al. [57] and Tabrizi et al. [58] used different averaging periods and
sampling rates to see their effect on measured turbulence in the built environment.
They inferred that the choice of sampling rate did not influence the characteristic
turbulent intensity, I15 and power spectral densities (PSD). Changing the averaging
period, however, affected the calculated values of turbulence intensity noticeably and
thus the value of I15 .

From the study of mean turbulence intensity in all three

component of wind velocities, Tabrizi et al. [58] inferred that the longitudinal and the
lateral components of the mean turbulent intensity were much more sensitive to
changes in averaging period than the vertical component. They concluded that the
conservative approach of 10 Hz, ten-minute averaging period gave upper estimates for
the values of turbulence intensity and turbulent PSD.
From the literature, urban wind fields have higher measured turbulence intensity
between 20% - 30%, exceeding the NTM as mentioned in IEC 61400-2. This leads to
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increased fatigue loads and compromised performance, which has implications for
component reliability, maintenance, safety and overall turbine life [25]. Studies on the
impact of high turbulence intensity on power performance and fatigue loading of SWTs
in such turbulent wind conditions are now discussed in the following sections.

2.3

Wind field and performance of turbines

Although the power output of a wind turbine largely depends on the average wind
speed, it has been understood through recent studies that the power curve is influenced
by both meteorological and topographical parameters. Wharton et al. [59] concluded
that parameters such as atmospheric turbulence and wind shear are intrinsically related
and influence the power output of a wind turbine.

The wind turbine power

performance standard, IEC 61400-12-1, defines the method for determining wind
turbine power curves.
SWTs operating outside the specified turbulence intensity as mentioned in IEC61400-2
can have an impact on power production, which can be site-specific due to the effect
of the terrain. The wind turbine power curve (WTPC) from IEC 61400-12-1 does not
account for site varying turbulence and its impact on turbine power production [28].
Lydia et al. [60] and Trivellato et al. [61] have both noted that the IEC based power
curves binned by wind speeds are unavoidably influenced by turbulence at the test
site and cannot properly account for varying level of turbulence. Thus, the resulting
power curve from the IEC will not be able to reflect the short-term fluctuations of power
output induced by turbulent wind conditions or explain the orographic dependencies
of a turbine’s performance [62]. Noticeable discrepancies can be observed between the
manufacturer’s curves and test results and hence, the WTPC is required to be modelled
considering the dynamic behaviour of the wind for better assessment and prediction of
wind energy.
For characterization of atmospheric wind fields and turbulence, the horizontal wind
speed over an observation period is binned by wind speed, over a time interval, in
conjunction with standard deviation of wind speed over the same time interval. The
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current wind turbine power output measurements, particularly for SWTs, are also
based on an average wind speed over the observation period. Hölling et al. [63] and
Sunderland et al. [64] noted that these quantities are one-point statistics that limits the
information on variability of wind within the period of observation when wind speeds
are averaged this way.

Due to the non-linearity of wind power with wind speed

especially near the cut-in and the rated wind speed, the procedure described in the IEC
61400-12-1 is sensitive to wind speed variations [65]. As a result, when mean wind
speed data is used during the design and quantification of power and performance, it
under-represents the additional energy source carried by the wind during gusts and
extreme turbulent events [66].
Quéval et al. [67] observed a lack of consistency while measuring the power curve of
a standalone SWT using IEC 61400-12-1 and investigated the parameters that could be
responsible for such variations, such as generator heating, charge controller settings,
anemometer position and battery voltage. They made recommendations to improve
the accuracy and consistency of the IEC 61400-12-1 standard by including error bars
with power curves, increasing the size of the usable database, rejecting system manual
start data and installing the anemometer on a boom on the same tower as the wind
turbine. Elliot et al. [68] supported the occurrence of systematic distortion of power
curves as a result of errors in bins. The authors used the one-minute averaging period
for power curve measurement as recommended by IEC 61400-12-1 Annex H for SWTs,
and showed that this can lead to errors in annual energy production (AEP). Vermier et
al. [55] suggested a technique to adjust the power curve based on a correction for the
turbulence intensity, which was found to be strongly dependent on averaging period.
They suggested averaging the long-term high frequency data so that the averaging time
matched with the power curve. For low-frequency data, they proposed performing a
short-term, high-frequency wind speed measurement to derive PSD function of the site.
Hedevang [69] suggested power production depends primarily on turbulence intensity
and presented a new method for power curve estimation that accounts for some of
the influence of turbulence intensity. The author developed a quasi-static model and
a dynamic model to predict turbine power performance as a function of wind speed that
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estimated a power curve with the effects of turbulence subtracted. The ‘zero-turbulence’
power curve was in turn used to calculate the conventional power curve at any desired
level of turbulence intensity. Similarly, Anahua et al. [70] presented a novel Markovian
method to accurately characterized power performance of wind turbines independent
of site-specific parameters. This method is based on the stochastic differential equations
where the fluctuating wind turbine power output is decomposed into two functions: the
relaxation function, which describes the deterministic dynamic response of the turbine to
its desired operation state and the stochastic force function, which is an intrinsic feature
of the wind power conversion system.
The mean power as a function of mean wind is also strongly influenced by wind shear
and wind veer, turbulent kinetic energy (TKE) and dynamic response of the turbine to
the wind [69]. Mertens [71] highlighted the problems with urban wind conditions having
low average wind speed and high turbulence in relation to power generation. Lubitz [28]
inferred that increased ambient turbulence at lower wind speeds resulted in increased
power but decreased energy production was observed at near-furling wind speed due
to elevated turbulence. Pagnini et al. [72] studied the power output of two 20 kW SWTs
(one HAWT and one VAWT) in an urban site. Their result showed that, for higher wind
speeds, the measured power curves for both turbines were well below the rated power
values reaching a maximum of 13 kW, which was lower than the rated power of 20 kW.
This loss in turbine’s output power was attributed to high turbulence in the urban wind.
The HAWT was strongly affected by gusts and large fluctuations of mean wind speed
and direction, although its overall energy production was higher than that of the VAWT.
Kosasih et al. [73] inferred from computational and experimental results that elevated
turbulence levels in urban localities was the reason behind the decreased performance
of both bare micro-wind turbines and diffuser augmented wind turbines (DAWT) at
higher tip speed ratio (TSR). For the experiments, they generated turbulence intensities
(2% to 29%) by the means of turbulence grids and assessed the performance of both the
turbines in terms of power coefficient (C p ) and TSR. At lower turbulence, the DAWT
exhibited a C p of 0.22, about two times greater than that of the bare wind turbine with
peak C p of 0.15. At high TSR, the performance of both turbines decreased with the
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increased turbulence intensity (C p =0.07 for bare micro-wind turbine and 0.15 for DAWT
at TI=29%, from experimental results). Yet the C p of the DAWT was still greater than that
of bare WT indicating the potential in the addition of a diffuser for better performance
at higher freestream turbulence. Hoe et al. [74] conducted a comprehensive CFD study
on the performance of a 110 kW BIWT and compared to its performance with a freestream turbine of the same capacity at a different reference wind speed and incoming
flow angles. Results from the numerical analysis showed that the aerodynamic power
output of the BIWT was higher than the turbine installed in the free stream due to the
concentration effect caused by the accelerating wind between the buildings.
In summary, the studies focussing on the effect of turbulence and wind shear on power
performance of wind turbines have shown disparate results and power curves are still
conventionally presented as a function of hub-height wind speed alone, without
information on wind velocity and turbulence intensity across the rotor disk [59]. Whilst
these results show that ambient turbulence can either enhance or degrade the turbine’s
power production depending on the wind speed, the main concern is the cyclic loads
and seemingly random gusting flows due to high turbulence that eventually impedes
safe operation and cost investment during the planned lifetime of the turbine. Studies
on the impact of wind field on fatigue loading of turbine need further work.

2.4

Wind field and dynamic loading on wind turbines

The importance in understanding wind turbulence for wind turbine engineering is
clear; the stochastic and transient wind flows cause random, fluctuating loads and
stresses over the whole structure, resulting in power fluctuations and reduced fatigue
life of the wind turbine [47, 75]. The dynamic response of wind turbine structures to the
imposed wind loads affects different components of a wind turbine including the rotor,
power train and tower, and investigating the structural integrity of a wind turbine
involves proper analyses of fatigue loading as well as extreme loading. For large wind
turbines it is common to employ structural monitoring of the health of wind turbine
components e.g. Bouzid [76]. SWT manufacturers, however, often operate on a very
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small budget and focus on simplicity and reliability. Thus incorporating such structural
health monitoring techniques in small wind systems might not be economically feasible
and can be technically complex. There is sparse experimental data on the fatigue
loading of SWTs in general since instrumentation and monitoring of installed SWTs is
typically excluded from the project budget due to the tight budgets of SWT
manufacturers. There is very little information available on the fatigue loading of SWTs
operating in the ‘dirty air’ of built environments. In particular, the effect of elevated
turbulence on the performance of SWTs deployed within such environments have not
been comprehensively studied, however some studies have gathered some preliminary
results. Studies have also shown the elevated turbulence in the wind field has a major
contribution to reduce a turbine’s fatigue life.
Riziotis and Voutsinas [29] claim that the elevated turbulence intensity of the wind flow
was primarily responsible in reducing turbine structure fatigue life on large wind
turbines within wind farms, compared to other parameters such as the length scale of
the turbulence, three dimensionality of the flow or yaw misalignment. Nijssen [77]
concurred that during the operation of the turbine, the blade loading can be extreme
due to a large number of load cycles in the structure’s lifespan and the variability of
load on rotor blades due to the stochastic nature of the wind. Dimitrov et al. [78]
concluded that high turbulent intensity can be linked to the fatigue failure of the
turbines and the accumulated fatigue damage also increases with the turbulence. More
specifically, high longitudinal turbulence intensity can have a detrimental effect on
blade aerodynamic performance mostly due to stalled conditions occurring when the
angle of attack changes because of sudden change in wind speed [79]. Mouzakis et
al. [80] introduced an analytical method to identify a parameter for fatigue loading of
wind turbines. Their proposed methodology showed that turbulence in wind was the
main fatigue causing parameter for all wind turbine components. The fatigue loading
in complex terrain due to turbulent wind was as high as 30% compared to flat terrain
operation. In addition to elevated turbulence, sudden change in wind direction and
extreme wind conditions like hurricanes, storms, etc. can lead to serious fatigue loading
on the turbines.

Such events adversely affect the blade’s aerodynamic behaviour,

turbine’s performance and furling limits.
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The effect of elevated turbulence levels in the built environment on turbine
performance and fatigue loading have been studied by Evans et al. [27] through a
detailed aeroelastic model of a 5 kW wind turbine developed in FAST (Fatigue,
Aerodynamics, Structures and Turbulence). They used input wind conditions from two
urban locations and compared with the assumed wind conditions from IEC 61400-2.
For the same mean wind speed of 7.5 m/s, their results showed increased mean turbine
power due to elevated turbulence and a minor increase of 2% in rotor torque. More
interestingly, the predicted damage equivalent load (DEL) for the turbine, assuming a
nominal lifespan of 20 years, was 58% and 11% higher than the IEC 61400-2 scenario for
the two built environment locations, respectively. Moreover, they also mentioned an
increase of 55% and 18% in the flapwise bending moments in those built environment
sites compared to the simulated result from the IEC, which indicates a significant
increase in blade loading. The predicted DEL of the turbine blades for both the urban
sites were higher than that estimated with the IEC wind case suggesting that a turbine
operating in such an environment would experience a reduced fatigue life of the blades.
Similarly, Mouzakis et al. [80] showed a 30% increase of fatigue loading of wind
turbines operating in complex terrain when compared to that in flat terrain.
A study by Lee et al. [81] indicated the strong influence of turbulent wind on extreme
loading on turbines in a wind farm, where sites of higher terrain roughness led to
increased damage equivalent loads. They also mentioned that atmospheric instability
had marginal impact on the DELs and downstream turbines yielded higher DELs
indicating that the turbulent wakes from the upstream turbines could have significant
impact even at 7 times the diameter separation distance. Thomsen and Sørensen [82]
suggested that fatigue loading of downstream wind turbines operating in the wake of
an upstream wind turbine could be 5% to 15% higher when compared to that in free
flow. Such fatigue loading parameters for the wind farm was ascribed to the increased
turbulence intensity as well as reduced turbulence length scale.

Rohatgi and

Barbezier [75] suggested that the most appropriate atmospheric conditions to operate
rooftop wind turbines are either neutral or unstable states because the neutral
atmosphere has the least wind shear and is best for the fatigue life of the rotor while the
unstable atmosphere is more advantageous due to higher wind speeds.
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Apart from discussing non-Gaussian behaviour in complex terrain, Nielsen et al. [83]
presented new models for better load prediction capabilities of fatigue loading and
extreme loading of wind turbines operating in a turbulent field. The fatigue loading
process was strongly non-linear function of the turbine loading and the authors showed
that the fatigue loading imposed by non-Gaussian turbulence was a substantially
higher compared to that with Gaussian case. Tabrizi et al. [84] compared turbine blade
load statistics for inflow turbulence fields based Kaimal spectra (open terrain standard)
with the measured turbulence spectra from a built environment. Their findings showed
that the loading events had twice the magnitude of the loads as predicted by the
standard spectra.

The authors recommended the improvement of the standard to

model the non-Gaussian wind statistics, which can address design and safety concerns
of SWTs in built environment. The authors also suggested that small length scales and
strong three-dimensionality of the inflow are secondary factors behind increasing
fatigue loads.

Likewise, Ismaiel and Yoshida [85] studied the effect of turbulence

intensity on the fatigue lifetime of a 1.5 MW model wind turbine using FAST. The
authors used both von Karman and Kaimal turbulence models at different turbulence
intensities to estimate the fatigue life of turbine blades and tower. They inferred that the
increased turbulence also increased the extreme loading on the turbine and resulted in
higher DELs. They too found out that both the spectral models gave a closely matching
results and had no significant difference in the results of fatigue behaviour of the
turbine.
Riziotis and Voutsinas [29] examined the impact of complex terrain wind conditions on
aeroelastic model of 500 kW machine using GAST (General Aerodynamic and
Structural numerical Tool for wind turbines) to infer that the increased turbulence
intensity exacerbated the fatigue damage of wind turbine blades significantly. They
found out that the elevated turbulence intensity in the wind flow was primarily
responsible in reducing turbine structure fatigue life on large wind turbines within
wind farms. They too mentioned the significance of smaller length scales and strong
three-dimensional flow peculiar to complex terrain wind conditions in causing higher
fatigue blade loads. Algarin [86] presented evidence of increased fatigue damage due to
the effect of turbulence intensity on turbine blades. In the similar manner, the turbulent
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and complex nature of urban wind imposes varying loads on turbine structures,
affecting its performance and reducing its fatigue life.
As fatigue damage is a major consideration when designing wind turbines, a reliable
prediction of the fatigue life of wind turbine structures, particularly turbine rotor blades,
is needed to provide accurate evaluation of turbine performance and service life by
taking into accounts the increased loading and fatigue damage. Studies so far have not
precisely quoted the extent to which urban wind dynamics influence turbine parameters
like fatigue loading, power, vibration, etc. This might be ascribed to key time scales
and length scales, which depend on the type of wind turbines, turbulence and rate of its
dissipation. For turbulence, which is not purely Gaussian, the smallest and fastest scales
often exhibit extreme behaviour characterized by strong non-Gaussian statistics [87]. A
fully developed turbulent flow is completely irregular and random and the turbulent
eddies effectively transport both energy and matter over the time and length scales of
varying sizes [26]. A scale-dependent analysis is necessary to capture the dynamics of
turbulent structures and quantify the impact of turbulent wind on SWTs.

2.5

Intermittency of turbulence in the wind field

In IEC61400-2, wind turbines are designed to withstand the turbulent flow assuming
the turbulence is a homogeneously Gaussian process. This is generally the case in open
terrain sites with neutral atmospheric condition.

This situation is partly due to

convenience and partly due to limited understanding of turbulent wind flows [88]. The
Gaussian assumption of oncoming wind is valid for boundary layer wind fields with
homogeneous isotropic turbulence (HIT) associated with open terrain sites [89].
However, the purely Gaussian trend of wind fields as characterized by the IEC 61400-2
spectra is not reflected in measured data of built environment [54]. Particularly, the
probability density function (PDF) for the longitudinal velocity increments, P(δuτ ) , is
related to turbulence.

The turbulence in wind increments demonstrates highly

intermittent statistics indicating a larger probability of the extreme events than that
predicted by Gaussian distribution [90] and this intermittent effect of turbulence is
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reflected in the deviation of the PDF from the Gaussian distribution [91]. Such turbulent
flow field has a higher probability of larger wind fluctuations and occurrence of more
extreme events that are observed through heavy tails of the PDF of the wind speed
increments.
A turbulent flow without extreme events, in the customary sense of IEC and 50-year
period, is perfectly possible.

It should be noted that high turbulence does not

necessarily mean higher probability of extreme events.

However, where there is

intermittent flows (extreme fluctuations of wind speeds within small time scales) we
see both high turbulence, due to the high variation over a small time scale, and extreme
events, due to the extreme amplitude of those variations. These extreme fluctuations
results in the PDF of the wind increments having heavy tails. Wind fields in complex
terrains generally exhibit large deviations from the Gaussanity and higher
intermittency in the recirculation zones [89]. Numerous field data and lab tests [87, 92]
have revealed non-Gaussian characteristics of wind speed increments of turbulent
fields. The author does acknowledge the usefulness and validity of the current wind
standard, however, due to the growing utilization of SWTs in the built environments
and studies on the urban wind flow field, a more comprehensive and detailed method
to quantify the urban wind field and its effect on the turbine operation is also necessary.
In turbulence, highly intermittent statistics are also found and this effect is even
stronger in atmospheric flows [92–94]. Wind turbines should be able to withstand both
stochastic turbulence and intermittent flow, which result in fatigue and transient
loadings on the turbine, respectively.
In urban environments, the interaction of atmospheric turbulence with urban structures
reduces the scale of turbulence and the dynamic response of small turbines may be
affected if the length scale of the turbulence is comparable to the key length scale of
SWT. The influence of ambient atmospheric turbulence on the power generation of
SWTs within a built environment has also been studied in [16, 32]. They have indicated
that the urban wind conditions having low AMWS and elevated turbulence, which
transpires from the associated topographical complexities,

impact the power

performance of the turbines. The level of impact also varies with on the region of the
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power curve of the turbine. While these studies show how that ambient turbulence and
intermittency in turbulence do impact power production and loading of the turbine
depending on the wind speed, the main concern is the cyclic loads and seemingly
random gusting flows due to high turbulence that eventually impedes safe operation
and cost investment during the planned lifetime of the turbine. To date, inflowing wind
and turbine dynamics are not sufficiently characterized to model wind systems in the
built environment, and this gap in the literature needs to be addressed. To study the
intermittency of turbulent wind, for instance, extreme events such as sudden gusts that
cause transient loads on the turbine, requires more detailed knowledge of the statistics
of the turbulent wind fluctuations. Understanding such intermittent behaviour requires
higher order statistical moments and can be quantified though incremental statistics i.e.
PDFs of fluctuations. These increments are also directly related to loadings of wind
turbines, their power output and damage statistics [95].
Milan et al. [96] mention the occurrence of frequent gusts, which are observed through
heavy-tailed (more intermittent) statistics of the increment of the wind velocity. The
occurrence of such gusts is related to probability of observing large increments and
heavy-tailed form of the incremental PDF indicates more frequent extreme events than
predicted by Gaussian PDF. Extreme events up to 20 standard deviations were recorded
in some open terrain wind data. They state that these complex statistics cannot be
represented using Gaussian wind field models and stressed the need for appropriate
turbulence models. Similarly, Böttcher et al. [92] showed the measured PDF of the
increments of their wind data was about 106 times higher than the corresponding
Gaussian distribution, meaning a certain gust event could occur much more frequently
than what is expected through the current wind standard.
The statistics of wind velocity increments or changes within seconds characterize the
temporal aspect of fluctuations whose non-Gaussian statistics are well known from
small-scale turbulence [97]. The statistics of such wind velocity increment time series
exhibiting non-Gaussian behaviour has been reported in [87, 92, 94]. They argued that
the higher order statistics such as the wind data distribution in terms of skewness and
flatness (equal to excess kurtosis) are required to adequately describe the turbulence
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within the considered time period. Numerous field data and lab tests [83, 87, 93, 98]
have revealed non-Gaussian characteristics of wind speed increments in complex
terrain but the literature is sparse on intermittency in the turbulent wind flow in urban
areas and its effect on loading of the turbine [89, 98, 99].
Sherry [38] investigated the role of atmospheric stability on the intermittent nature of
turbulence within the atmospheric boundary layer. The PDF of the velocity increments
from the measured data showed highly leptokurtic distribution in both stable and
unstable boundary layers.

It should be noted that the IEC 61400-2 assumes the

turbulence to be a homogeneously Gaussian process that is based on the open terrain
wind case with neutral atmospheric condition. The author inferred that the buoyant
production of TKE during the unstable conditions increased the turbulence
intermittency in the wind field. More importantly, the high intermittency at smaller
time scales also led to extreme wind turbine loading. Nielsen et al. [83] indicated the
non-Gaussian behaviour of complex terrain wind conditions measured at different
hub-heights had Skewness of -0.16, Kurtosis of 3.54.

The Gaussian PDF severely

underestimated the probability of extremely large as well as low events. The short-term
fluctuation and non-Gaussanity in the wind field appear to have a high influence on
wind systems and reinforces further investigation on the intermittency of turbulent
inflow in complex terrain sites.
Studies in [95, 100, 101] have clearly shown the impact of non-Gaussian and intermittent
wind conditions on performance and loading of the turbine. Understanding when the
deviation from Gaussian turbulence occurs and the impact of non-Gaussian winds on
wind turbine performance and turbine loading are important for safety and reliability
of wind turbine design [98]. Schottler et al. [102] experimentally studied the effect of
intermittent and Gaussian inflow conditions on an instrumented model wind turbine in
a wind tunnel using an active grid. Both flows exhibited nearly equal mean velocity
values and turbulence intensities but strongly differed in their distribution of velocity
increments at a variety of time scales. The intermittent inflow also showed a distinct
heavy-tailed distribution of the velocity increments, which was converted to similarly
intermittent turbine data at different scales leading to intermittent loading. In search of
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advanced characterization, Mücke et al. [30] used higher order, two-point statistics to
describe the turbulent structure of atmospheric wind fields more appropriately. The
authors studied different inflowing wind fields on the rotor torque of a numeric wind
turbine model and showed that intermittent wind leads to similar intermittently
changing torques in the simulated wind turbine.

They compared the measured

atmospheric wind fields with the synthetic data generated from IEC Kaimal model and
a continuous time random walk (CTRW) model.

The CTRW model was used to

reproduce the intermittent velocity increment distributions observed in atmospheric
measurements. The results showed a large fluctuation in torque from atmospheric
inflow compared to the Gaussian inflow, for instance, the value of 4σ corresponded to a
torque increase of 88 kNm for 1.2 s; however, these differences were not visible with the
rain flow counting method, which is commonly used to count stress cycles of a signal to
estimate fatigue and extreme loads on wind turbines. They claimed that intermittency
in the turbulent wind field having higher quantity of extreme events is transferred to
the turbine’s aerodynamic loads, which is observed through similarly intermittent
torques. Also, their study showed that the rotor torque statistics from the standard IEC
wind field model differed from the respective results from that of the measured wind
data.
Morales et al. [87] presented a statistical characterization of wind turbulence through
one-point and two-point statistics using higher order moments. They proposed the use
of PDFs of wind speed fluctuations and wind speed increments to grasp the statistical
information of higher moments. Wächter et al. [101] used the intermittency parameter
λ2 , previously used by Castaing et al. [103], to characterize the wind speed increments
and thereby describe and model empirical incremental PDFs. This proposed statistical
parameter helped to comprehend the intermittent nature of the wind and the
consequence of higher probabilities of extreme load changes. KC et al. [51] inferred that
the urban wind fields have higher intermittency at smaller time scale compared to that
with open terrain wind field, which was observed through the heavy tails. However,
the intermittency in the urban wind field decayed faster and converged to Gaussian at
larger time scale where open terrain wind field still exhibited non-Gaussian
characteristics. Schwarz et al. [104] found out an increase in the fatigue response of the
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turbine blades due to turbulent wind field. They also emphasised that the effect of such
intermittent wind on the loading response can only be detected through the increment
statistics, which entails the need of higher order statistics in order to characterize
turbulent wind field and its effect on the loading of the turbine components.

The extent to which non-Gaussian wind statistics impacts wind turbines is an area of
ongoing research. From the available literature, it is evident that the current wind
standard for SWTs reflects Gaussian fluctuation whereas field data have demonstrated
otherwise.

The intermittent wind characteristics that are not accounted for in the

current design standard can have a significant impact on wind turbines as
intermittency in the wind flow fields has been found to be passed on to wind turbine
subsystems. Further, if the intermittent inflows lead to intermittent loading, and this is
found to occur much more frequently than what the current wind standard predicts,
there are implications in invoking this standard in designing WTs to withstand such
wind conditions [102].

IEA Task 27 [105] has been documenting all the research and testing activities related to
SWTs installed in built environment focussing on the IEA recommended practice
guidelines for micro-siting of SWTs and draft technical recommendations for IEC
61400-2. They have been collaborating with partner researchers to gain an insight on
the characteristics of urban wind in terms of elevated turbulence and performance of
SWTs within such wind conditions. Task 27 endeavours to understand the impact of
turbulence on the operation of SWTs and verify the turbulence level estimated in the
current wind standard for such SWTs operating in turbulent sites. In their final meeting
held in September 2018, Task 27 drafted a technical report [17] and enlisted the
results/inferences based on those studies done on urban wind conditions and
suggested recommendations on the needed technical changes to IEC 61400-2. This
technical report references some of the author’s works on the characterization of urban
wind fields and impact of turbulence and terrain on the performance of SWTs.
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2.6

Numerical simulation of wind fields and aeroelastic codes
for turbine response

For medium to large-scale wind projects (wind farms), local wind resource assessment
and in-service load measurement are studied extensively by producing detailed, high
resolution wind maps, as well as identification of uncertainty related to the wind
resource and turbine performance [106]. From an economic point of view, such resource
assessment and turbine data measurement only claims a small portion of the total
budget of the project, which can be very costly for SWT projects in terms of the
proportion of the cost [107]. Site-specific ‘regional assessment’ of wind resource and
wind characterization in urban or peri-urban areas and in-situ turbine measurement are
not a common practice for SWT [25].

Further, the measurement of wind data is

relatively difficult for complex terrain due to the stochastic nature of wind. Such wind
field do not follow any known statistical distribution.
Secondly, it demands a high-temporal resolution of logged data to be able to capture the
significant additional energy present in the turbulent wind resource in urban locations
and appropriate statistical and wind physics methods to quantify the complex wind field
[66]. Thus, limited budget, lack of site-specific measurement and inadequate analytical
methods increase the level of uncertainty during the performance assessment of the
SWTs making further analysis of the interactions of the WTs with the local loads and
distribution network even more difficult [106]. Besides, undertaking such experimental
measurements can also be complex, time consuming and not encouraging enough to
adopt required technical processes. Such constraints may be addressed by employing
numerical simulation of wind flow/ turbulence and turbine’s response with the help
of different computational fluid dynamics (CFD) tools and aeroelastic simulations. The
study of urban wind field using CFD is not within the scope of this research and the
author therefore focusses only on the aeroelastic simulation, which is employed in the
later part of this research to investigate the performance and stochastic loading of a SWT.
With the advancement of numerical methods and computational resources, the
application of aeroelastic simulators in numerical studies on wind turbine response
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have become common practice. Such tools are often used to fill in the gap created by
inadequate data measurements and to study the behaviour of turbine around the given
wind conditions. In wind energy community, several commercial as well as opensource aeroelastic codes are available to model wind turbine’s dynamic behaviour and
to carry out design calculations.

Bladed from Garrad Hassan and Partners, Ltd.

(produced by DNV GL3 ) is a commercial integrated simulation package that is used for
large scale wind turbine design and analysis. GH Bladed is often seen as industrystandard software to calculate turbine performance and loading, which has been
validated with measured datasets for a range of turbines having different sizes and
configurations. The software employs Blade Element Momentum (BEM) theory as its
underlying aerodynamic algorithm and allows for the analysis of wide array of turbine
configurations.
On the other hand, FAST4 is NREL’s primary turbine-specific aeroelastic simulator that
simulates two or three bladed HAWT for its aeroelastic response.

It was initially

developed through a subcontract between NREL and Oregon state University that was
later modified by NREL to use the AeroDyn subroutine library of rotor-aerodynamics
routine (developed by University of Utah) to compute aerodynamic forces on turbine
blades. Other state-of-the-art approaches in simulating wind turbine performance and
loading include combination of CFD and FEA through commercial codes, which are
both cost and resource intensive and time consuming. Compared to these packages,
FAST is an open-source, free of charge package for aeroelastic modelling. It implements
Generalized Wake Model (GWM)/ BEM aerodynamic algorithm and Euler-Bernoulli /
Rayleigh-Ritz Beam theory for fast computation of structural responses [108].
TurbSim5 from NREL provides numerical simulation of full-field flow that contains
coherent turbulent structures. Aeroelastic codes like FAST, YawDyn or MSC.ADAMS
can use the output of TurbSim as input data.

TurbSim utilizes Taylor’s frozen

turbulence hypothesis to obtain local wind speeds, interpolating the TurbSim-generated
3 GH Bladed, https://www.dnvgl.com/services/wind-turbine-design-software-bladed-3775

(Accessed: 3 July, 2019)
4 FAST, https://nwtc.nrel.gov/FAST (Accessed, 3 July, 2019)
5 TurbSim, https://nwtc.nrel.gov/TurbSim (Accessed, 3 July, 2019)
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fields in both space and time [109]. It allows for selecting range of turbulence spectral
model or apply user defined turbulence spectra and produces a three dimensional wind
flow field with wind fluctuations governed by the chosen spectral model, which can
then be used with the aeroelastic code to predict the turbine’s aeroelastic response and
loading.
GAST (National Technical University of Athens), HAWC26 (Risø, Denmark), Qblade7
(TU Berlin) are some other wind turbine design codes that have their specific
applications and not as diverse as Bladed or FAST. The author was acquainted with
FAST since the beginning of this research and the package also righteously served the
purpose of the analysis, and was thus employed for the aeroelastic simulation of a SWT.
Additionally, the author also has collaboration with researchers at The University of
Newcastle who provided the FAST modelling of 5 kW Aerogenesis HAWT rightly
applicable for this study. Details about the aeroelastic code FAST and TurbSim and their
settings for the aeroelastic simulation of a SWT is discussed in Chapter 5.

2.7

Chapter summary

Detail literature on what we know so far in regard to the effect of terrain and turbulence
in the wind field on the performance and fatigue loads of SWTs was presented in this
chapter. It was apparent from the literature that non-standard wind conditions exist
in the complex terrain and the standard does not address the salient features in such
turbulent sites. Studies also showed the impact of elevated turbulence on the power
output and structural damage of the turbine. Most of these studies were generic and only
a few attempts were made to study the impact of urban wind field on the performance
and loading of SWTs. Moreover, most of the studies utilized were concerned about
characterizing the wind field in terms of turbulence. Literature on intermittency of
turbulence showed that one-point statistical description of wind field was not sufficient
as it does not take into account the fluctuations within the turbulence. Additionally,
the intermittency of turbulence in the wind field was also relevant in influencing the
6 HAWC2,
7 Qblade,

http://www.hawc2.dk (Accessed, 3 July, 2019)
http://q-blade.org (Accessed, 3 July, 2019)
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performance of the turbine and its rotor loads. This enabled the author to identify the
gap and channelize the research input towards interpreting the urban wind field using
appropriate statistics and investigating its impact on the operation and loading of such
small turbines.
Studies on turbine performance using CFD and aeroelastic codes were also covered in
this chapter, which are a good alternative to actual in-service measurement of the turbine
loads. Information on different aeroelastic codes popularly utilized in other studies to
simulate the turbine performance were gathered to deduce how one of these numerical
methods could be utilized for further study in this research.
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Chapter 3

Theory on turbulent inflow and
aerodynamic loads

3.1

Chapter introduction

This chapter presents the description of the physics involved in characterizing
measured wind data sets in terms of turbulence and turbulence intermittency and also
describes the general aerodynamic loads experienced by a wind turbiasne. Due to the
stochastic nature of the wind, there are many phenomena occurring at different scales
in the wind field. It is imperative that these phenomena are suitably quantified to
obtain the necessary statistical information of the wind field, which are required for the
efficient operation of turbines. The current IEC 61400-2 for SWTs define the procedure
to characterize the wind field. The one-point statistics is discussed in this chapter,
which is used to quantify the level of turbulence intensity in the wind field. The mean
and the standard deviation of the wind speed, taken over a time period, is summarized
in the turbulence intensity. However, the one-point statistics does not give the true
description of the wind fluctuations occurring at smaller time scales within the
averaged period. The presence of such small-scale structures also indicates turbulent
intermittency in the wind field. As the response time of wind turbines is typically in the
range of seconds, they are affected by the small-scale intermittent properties of
43

turbulent wind leading to high probabilities of extreme changes in the rotor loads. In
order to gather more statistical information for the description of the wind turbulence
and identify intermittency of turbulence in the wind field, two-point statistics is also
discussed where the probability density function (PDF) of the wind speed increments
give the probability of the presence of fluctuations occurring at smaller time scale.
The wind condition in a particular location not only gives an opportunity to harness the
energy by wind turbines but also pose (significant) challenge in safe and reliable
operation of the turbines due to the mechanical loads imposed by the wind field. From
a turbine designer’s point of view, a wind turbine must not only produce energy
efficiently but also has to be cost-effective as well as structurally sound to withstand the
load imposed by the interplaying forces due to the wind and motion of various turbine
components. A description of the calculation of aerodynamic power and aerodynamic
loads on the turbine using Blade Element Momentum (BEM) theory is presented, which
serve as a basis for evaluating the operation of the turbine. The term ‘load’ throughout
this thesis refers to forces or moments that acts upon different turbine components.

3.2

One-point statistics and its moments up to second order for
a time series of wind speeds

Atmospheric turbulence is seemingly random and continuously changing, leading to
wind fluctuations that are superimposed on the average wind speed. Considering only
the longitudinal component of wind velocity vector in the prevailing wind direction,
each interval, ∆t, in a wind speed time series, measured at one-point is comprised of
a mean speed, U, and random fluctuations, u0 (t), (turbulence) around U for that time
interval [110], as shown in Equation 3.1. The mean wind speed is the average wind
speed taken over a (short) time period, ∆t, which is longer than the characteristic time of
the fluctuations in the turbulence.
u(t) = U + u0 (t)

(3.1)

Figure 3.1(a) shows a typical one-point time series of the longitudinal component of
44

0

(a)

u [m/s]

-5
+<T
<u>T
-<T

-10
-15
-20
-25
0

0.5

1

1.5

2

2.5

3

3.5

4

Time [s]

4.5
#104
(b)

10

u' [m/s]

5
0
-5
-10
0

0.5

1

1.5

2

2.5

3

3.5

4

Time [s]

4.5
#104

Figure 3.1: (a) Time series of horizontal wind speed u(t) at Port Kennedy measured
at 10 Hz with ten-minute averaged mean values and ± 1 standard deviation and (b)
fluctuations u’(t) about the mean values defined over the same time interval

wind, the mean values of the series, which is an average over the ten-minute period,
and ± 1 standard deviation of the fluctuations about the mean wind speed. Figure 3.1(b)
shows the corresponding fluctuations about the mean, u0 (t). Note that the mean value
of the fluctuations is zero, i.e. hu0 (t)hui10−min i=0
As discussed in Chapter 2, SWTs are designed for a given wind class as dictated by IEC
61400-2: 2013, viz. I, II, III, IV, or S, depending on the mean velocity and the turbulence
intensity the turbines are expected to operate in. The estimation of turbulence strength in
the same time interval used for the mean wind speed, i.e. ∆t, is given by the turbulence
intensity (TI), as expressed in Equation 3.2, which is a basic measure of the overall level
of turbulence and the variability of the inflow to the turbine rotor at hub-height. The
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first-order (U) and second-order (σu ) one-point statistical moments of a velocity time
series are summarized in the turbulence intensity. The standard deviation quantifies the
magnitude of the fluctuation within the averaged wind time series.
TI =

σu
U

(3.2)

r

1
N
∑ s (ui − U )2 is the longitudinal standard deviation of wind
Ns − 1 i=1
speed variations at hub-height.
Turbulence intensity is largely a function of

where σu =

atmospheric stability, elevation and roughness length. It can be asserted from Equation
3.2 that greater fluctuations in the wind’s average motion results in higher turbulence
intensity. The IEC standard uses a Normal Turbulence Model (NTM) for normal wind
conditions to model turbulence and turbulence intensity (TI) and describes the
relationship between longitudinal turbulence and wind speed. The standard defines a
‘characteristic turbulence intensity’ as the 90th percentile of the turbulence intensity
measurements binned with respect to wind speed.
The expected deviation of the longitudinal wind speed as per the NTM in the standard
is given by:
σu,90percentile =

I15 + aU
( a + 1)

(3.3)

where I15 is the characteristic longitudinal turbulence intensity at U=15 m/s, a is a
dimensionless slope parameter, and U is the magnitude of the average of ten-minute
three-dimensional wind speeds at the hub-height of the turbine. Equation 3.3 was
proposed by Stork et al. [35] and is based on open terrain wind data having hub-height
wind speeds between 10 - 25 m/s.

From IEC 61400-2, I15 and a are 0.18 and 2,

respectively, which reduces Equation 3.3 to:
σu = 0.9 + 0.12U

(3.4)

These values can also be referred to in Table 2.1 of Chapter 2. Equation 3.4 can be
rearranged in terms of longitudinal turbulence intensity, Iu , as:
Iu =

σu
0.9
=
+ 0.12
U
U
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(3.5)

3.3

Two-point statistics and incremental velocities for a time
series of wind speeds

As discussed above, the larger the standard deviations in wind speeds, the more
turbulent the wind field is, which is described by the turbulence intensity. However, the
value of turbulence intensity does not contain any dynamical or time-resolved
information about the fluctuation of the wind field itself, i.e. it does not facilitate
chronological and time-indexed trending of the wind speed observations [16, 92]. The
statistical description with ten-minute mean and standard deviation neither informs
about the existence of gusts nor the occurrence of small-scale turbulence within such
gusts. Further, the first two moments of mean and standard deviation can give the
complete description of the wind field. Only the Gaussian distribution is completely
defined by the first two moments of one-point statistics [87]. Guidelines in the current
IEC standards for both small and large wind turbines feature turbulence wind models
such as those proposed by Kaimal [36] or Mann [111] to describe the dynamic
behaviour of the wind.

These models, however, are insufficient in the exact

representation of the wind and its dynamics, which is essential for reliable load
calculations in the design of wind turbines. Due to the complex nature of the wind flow
fields, the available turbulence models focus only on specific features, while they
discount other important aspects in the wind field like turbulence intermittency. In
particular, these wind models do not encompass non-Gaussanity in the wind field and
the resulting effect on the turbine loads.
The presence of turbulence intermittency in the wind flow field can be represented as a
random process which is described by its PDF. The stationary, turbulent wind speed
fluctuations are often treated as a Gaussian process where their PDFs are approximated
to have a normal distribution. However, the literature in Chapter 2 has indicated that
the purely Gaussian statistics of the wind field, as characterized by the turbulence
spectra as modelled in IEC 61400-2, is not reflected in the measured data from the built
environment [83]. For the detailed characterization of wind fields, the power spectral
density of horizontal wind speed is considered in the standard IEC61400-2. The Kaimal
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or von Karman spectra is normally used to describe the atmospheric turbulence and
also to generate synthetic wind fields [83]. These methods, however, assume a purely
Gaussian statistics of the wind fields, which contradicts the experimental and measured
results from the wind conditions in complex terrain and also do not take into account
the higher-order two-point correlations [112].
Although wind power is harnessed extensively at different scales, its benefits are
overshadowed by its intermittent nature. Intermittency in urban wind is essentially due
to the increased level of turbulence in the wind flow field. The interaction of the wind
with the existing physical structures/obstructions results in rapid fluctuations of the
wind in both magnitude and direction. Due to constantly changing wind speed and
direction in both space and time, the wind conditions in the atmospheric boundary
layer (ABL) of an urban environment is distinctively turbulent and non-stationary.
Turbulence in wind flows in the ABL also occurs due to the interaction between the
ground surface and atmosphere [113]. There is a shear stress between each successive
layer of wind flow in the shear profile, giving rise to mechanical turbulence and the
speed of the turbulent wind in the ABL varies randomly on different time scales. As a
result, the wind speed varies randomly as it is affected by irregularly moving swirls of
different sizes on different time scales [92].
The short-term variations in wind or small-scale fluctuations that occur over a range of
minutes to less than a second, they are superimposed on the mean wind speed causing
intermittency of the small-scale turbulence, which corresponds to a high probability of
large wind speed fluctuations [92]. Such large velocity fluctuations on small time scales
are referred to as gusts and turbulence intermittency can be though of as occassional
packets of short-term large wind fluctuations that are present in the windflow to the
turbine rotor. As the response time of wind turbines is typically in the range of seconds,
turbines are affected by the small-scale intermittent properties of turbulent wind and this
turbulence intermittency leads to increased high probabilities of extreme load changes
for both torque and thrust [101]. As the SWTs operate within the ABL, this atmospheric
turbulence imposes intermittent features on the whole wind energy conversion process
and special attention is required to quantify the intermittency of wind power, which may
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compromise the turbine’s capacity for a reliable generation. In the urban environment,
the interaction of the atmospheric turbulent wind with urban structures reduces the scale
of the turbulence and the dynamic response of small turbines may be affected if the
length scales of the turbulence is comparable to the key length scale of the small wind
turbine. Studies on wind turbulence also show that wind turbine control and power
curves are also affected by turbulence intermittency [100].
Intermittency refers to extreme (large and frequent) fluctuations of a parameter within
small time scales. Intermittency of turbulence in the wind field is the occurrence of such
extreme velocity fluctuations that have higher probability of occurrence than predicted
by the Gaussian distribution.

The unexpected high probability of large velocity

fluctuations are seen through the PDF of their velocity differences, having a
non-Gaussian distribution and with ‘heavy tails’. This departure from the Gaussian
behaviour is triggered by strong vortical events resulting into large velocity gradients
and happening within small time scales.
Measuring intermittency in highly turbulent wind fields is concerned with the
statistical properties of the velocity field. The turbulence intermittency is characterized
by the preference of turbulence for large velocity gradients happening more often than
predicted by Gaussian statistics and the intermittency is reflected in strongly
non-Gaussian tails of the PDF of their velocity differences [114], referred to as a heavy
tailed distribution. The turbulent wind has highly intermittent statistics and this can be
seen in the PDFs, P(δuτ ), of the increments of the atmospheric velocity fluctuations
during a time lag between events, τ.
For each interval in a wind speed time series comprising of mean and random
fluctuations, Equation 3.1 can be rearranged as:
u0 (t) = u(t) − U

(3.6)

The autocorrelation function quantifies the correlation between two data points
separated by a time lag, τ. The presence of wind gusts and resulting small scale
turbulence is not observed from the wind speed, u, but rather through the velocity
increments. The velocity increment statistically characterizes the temporal aspect of the
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fluctuations, whose non-Gaussian characteristics are well-known to form small-scale
turbulence [97]. In the sense of two-point quantities, the change in velocity between
two events with a time lag, τ, is considered, which is referred to as velocity increment,
δuτ (t). So, for the same interval in a wind speed time series, the fluctuation in the time
interval (t + τ ) separated by a time lag τ, is expressed as:
u0 (t + τ ) = u(t + τ ) − U

(3.7)

The time lag is essentially within the interval of ∆t, so the mean wind speed, U remains
the same for both t and (t + τ ). From Equation 3.6 and Equation 3.7, the velocity
increments, depending on the time lag, τ, are given as:
δuτ (t) = u(t + τ ) − u(t) = u0 (t + τ ) − u0 (t)

(3.8)
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Figure 3.2: (a) Velocity increment and (b) normalised velocity increments of an arbitrary
time series for time lag τ
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The statistics of wind speed increments, uτ are a known feature of wind flows, yet not
considered in popular wind models [115]. To understand how wind gusts are related
to small-scale turbulence, a two-point statistical analysis is required, which gives the
correlation between two points in a time series of wind fluctuations. The statistics of
wind speed increments characterize the variation of wind speed (or its fluctuations) over
the time scale, τ, based on the information of two data points u(t + τ ) and u(t). As the
two data points are separated by a lag value in the time domain, they are categorised
as temporal increments as depicted in Figure 3.2. In Figure 3.2(a), u(t) and u(t + τ ) are
the value of the wind speeds within a ten-minute record separated by a time lag, τ, such
that the incremental velocity at the given time lag is expresses as in Equation 3.8. Figure
3.2(b) shows the velocity increments normalized by its standard deviation, δuτ /στ , at
the same time lag with ± 1 standard deviation of the normalized velocity increments.
An analogous formulation for spatial increments δu(r ) = u( x + r ) − u( x ) measured in
space over a distance r can also be formulated but is beyond the scope of this study.
The statistics of velocity increments are generally considered to analyse intermittency of
small-scale turbulence. Such velocity fluctuations at small time scales, or gusts, can be
investigated at different time lags for their impact on power output and turbine loading,
where the fluctuation differences are captured by the velocity increments at various time
lags. It is evident from Equation 3.8 that the incremental statistics with wind velocity or
wind fluctuations for a given time lag is same. A probability density function (PDF)
of the increments of wind velocity or wind fluctuations P(δuτ )(t) represents a twopoint statistics that shows how frequent a certain increment value occurs and how these
frequency distributions depend on the time lag, τ. The PDF of an intermittent wind field
with large velocity differences is characterized by heavy or ‘flared-out’ tails and a peak
around the mean value differing from a Gaussian distribution. Such PDFs suggest the
occurrence of more frequent gusts and the presence of more small scale turbulence with
larger fluctuations than what a Gaussian distribution would predict.
The observed non-Gaussian distribution with ‘fat’ tails indicates a higher probability
of the occurrence of more extreme events and gusts, which otherwise is clearly under
predicted by the current IEC 61400-2 Gaussian wind model.
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The shape parameter (λ2 ) derived from Castaing’s model [103, 116] based on
Kolmogorov’s description of a turbulent cascades, is used to determine the shape of the
P(δuτ )(t) probability distribution and hence provides a metric to ascertain the degree
of intermittency. The intermittency parameter is based on the 4th moment- Kurtosis- of
the wind speed increment and measures the degree of tailedness in the distribution.
The higher-order statistics of skewness and flatness can adequately describe the
atmospheric turbulence over the considered time period. Kurtosis measures the degree
of ‘peakedness’ and the ‘fatness’ of the PDF tails compared to Gaussian distribution.
The excess kurtosis, as shown in Equation 3.9 is the measure of whether the distribution
has heavy tails or light tails relative to a normal distribution. For a distribution having
heavy tails or large outliers, the excess kurtosis will be high (leptokurtic) and
consequently the λ2 parameter has a greater value.

F (δuτ ) =

hδuτ i4
−3
hδu2τ i2

(3.9)

where F (δuτ ) is the flatness (equal to excess kurtosis + 3) of the incremental PDF at given
τ.
The λ2 parameter in a simplified form is given in Equation 3.10;

λ2 =

ln[ F (δuτ )/3]
4

(3.10)

λ2 (t) determines the shape of the distribution where λ2 (τ ) = 0 for Gaussian
distribution; the excess kurtosis, F (δuτ ) − 3, of a normal distribution being equal to
zero. Principally, the intermittency parameter, λ2 , is the approximation of the fourth
moment Kurtosis, which implies a variance in energy fluctuation. As λ2 tends to zero,
the flatness of the distribution, F tends to 3, which indicates a Gaussian distribution
with no presence of intermittency. If F < 3, there is no intermittency present in the wind
field, however, the PDF of their increments will start assuming a flatter peak and the
tails of the distribution come inward. Such platykurtic distributions (peak becoming
flatter and wings coming inward or almost non-existent) have a negative kurtosis and
will appear more like a rectangle when compared to the normal distribution.
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3.4

Aerodynamic load turbine

Aerodynamic loads transpire from the forces of the wind acting on the turbine
components. In particular, the loads on the turbine rotor and the speed of the rotor
determine the output power of the turbine. The aerodynamic power extracted by a
wind turbine depends on the interaction between the rotor of the turbine and the
oncoming wind field. The wind turbine rotor converts the kinetic energy in the wind
into mechanical work through aerodynamic effects using the principle of conservation
of momentum [110].

V2

V1

1

V3

V4

2 3
4

Figure 3.3: Actuator disk model of a wind turbine

As the wind passes through the rotor blades, the oncoming wind stream has to be slowed
down to produce useful mechanical power. For an oncoming wind with velocity V1 , an
actuator disk turbine having a swept area of A (see Figure 3.3) will be able to harness the
power from the wind expressed as:
P=

1
ρAV13 4ai (1 − ai )2
2

(3.11)

V1 − V2
is the axial induction factor, which is the fractional decrease in the
2
wind velocity between the free stream and the rotor plane, as seen in Figure 3.3. A
where ai =

turbine’s rotor performance is characterized by its power coefficient, C p = 4ai (1 − ai )2
where C p has a maximum value of 16/27 at ai = 1/3. This indicates that an ideally
designed rotor will operate at the point of maximum power production when the wind
speed at the rotor is 2/3 of the free stream velocity. Ideally, the exiting wind stream will
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have 1/3 of the original velocity for the maximum efficiency of 59%. This limit for the
power coefficient is known as the Betz Limit.
Aerodynamic loads are derived from the forces of the wind and are importantly
associated with rotor torque, thrust and bending moment acting on the turbine blades.
The wind turbine extracts power from the wind through the rotation of the blade
producing torque that is transmitted to the generator by a rotating shaft. The primary
purpose of the forces acting on the element of the blade is to produce a torque about the
axis of rotation or a circumferential force in the direction of rotation. The aerodynamic
force of lift produces a net positive torque to rotate a shaft, thus producing a mechanical
power, which is then transformed to electricity by coupling it with a generator. Thus,
the useful mechanical power is produced by the forces acting in the rotor plane
(perpendicular to the oncoming stream) in the form of torque, refer Figure 3.5. The
turbine blade with a dominating lift component and a minimal drag component will be
capable of generating maximum angular momentum out of the available wind. As the
wind imparts torque on the turbine blades, the reaction force of the turbine blades also
imparts a torque on the wind producing a (oppositely) rotating wake behind the rotor
disk. The detail about the wakes and their effect on the turbine’s performance is beyond
the scope of this study.
For the actuator disk model, the axial thrust on the turbine is given as:
T=

1
ρAV12 4ai (1 − ai )
2

(3.12)

The thrust coefficient (CT ) for an ideal wind turbine is equal to 4ai (1 − ai ). CT will have
a maximum value of 1 when ai = 0.5. At the maximum power output when ai = 1/3, the
thrust coefficient, CT = 8/9. Thrust force on the turbine rotor manifests from the drop
in the pressure across the rotor i.e. the pressure difference between the front and back
of the turbine rotor causes the thrust force. The thrust force on a wind turbine rotor is
not as significant as it is for the propellers, nevertheless, it is transmitted to the turbine
tower and thus has a great influence on the structural design requirements of the tower
and the foundations.
Bending moments on the turbine blades are designated as flapwise and edgewise. The
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(b)

Wind direction

(a)

Figure 3.4: Illustration of (a) edgewise bending and (b) flapwise bending moments acting
on a turbine blade

flapwise bending moment (FBM) causes the blade to bend in an upwind-downwind
direction while the edgewise bending moment (EBM) is parallel to the rotor axis in the
same plane as the power-producing torque, as depicted in Figure 3.4. The blade flapping
motions can be used to determine the loads at the blade root.

As discussed in Chapter 2, wind flow field is comprised of mean wind and fluctuating
wind about the mean flow. During steady-state operation, the majority of wind turbine’s
performance, both in terms of power generation and loading, is due to aerodynamic
forces generated by this mean wind speed. During the actual operating conditions, the
periodic aerodynamic forces caused by wind shear and the randomly fluctuating forces
caused by turbulence in the wind can also be equally significant depending on the site
of operation and condition of prevailing wind [110]. The large steady loads and constant
thrust loads imposed by the wind may not be detrimental as long as they are reasonably
accounted for during the design stage, however, the loads that transpire from cyclic
and stochastic turbulence are significant in imposing fatigue and can eventually lead
to turbine structure failure [13].
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Aerodynamic loads are of the most interest to wind turbine designer as they form a
basis for designing the wind turbine for their performance, structural integrity, and
durability during their service life. Modern wind turbines employ airfoils to transform
kinetic energy in the wind into useful mechanical energy. The actuator disk model is too
simplistic and does not take into account the detail of the wind flow around the airfoil
cross-sections of the blades, known as blade elements. The wind power industry and
turbine designers routinely invoke Blade Element Momentum (BEM) theory to evaluate
the aerodynamic forces acting on the turbine blades and the resulting power and loading
performance of the turbine resulting from the oncoming wind condition.
BEM is the combination of two theories that stem from propeller theory1 and can be
applied to evaluate the forces on the wind turbine rotor: Momentum theory and Blade
Element theory. The combination of these two approaches as strip theory or BEM theory
outlines the procedure for the aerodynamic design and performance evaluation of the
turbine and related rotor performance to rotor geometry. Momentum theory studies the
changes in the wind flow field along with its components, before and after the wind
turbine by splitting the wind flow into differential non-interacting, rotating annular
stream tubes. The resulting changes in the axial and rotational moment from upwind
to downwind induce thrust and torque respectively in the rotor. Momentum theory
serves best in predicting simplified and ideal flow but it does not give information about
the shape of the blade that is necessary to generate the fluid motion [117].
Blade Element theory, on the other hand, is concerned with the aerodynamic forces
produced by the blades as a result of the motion of the fluid [118]. It evaluates the
forces on the blade by splitting it into a number of small elements along the length of
the blade and studies the aerodynamic forces acting on a local airfoil. Each element
of the blade experiences varying flow characteristics as they have different rotational
speeds, and depending on the design of the blade, a different chord distribution (c) and
twist distribution (β). In BEM theory, a force balance is applied at each section involving
comparison of 2-D section lift and drag data with the thrust and torque produced by the
1 Propellers and

HAWTs have both followed the same theoretical development due to their design shape

similarity
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section. At the same time, a balance of axial and angular momentum is applied. This
produces a set of non-linear equations that can be solved numerically for each blade
section [119]. The overall performance characteristics of the rotor are then determined
by integrating them along the span of the blade. The solution methods of these theories
will not be discussed in detail here and the readers are directed to [120–122] for further
information.

Aerodynamic performance is the foremost criterion for efficient rotor design. Air flowing
over an airfoil produces a distribution of lift and drag forces over the airfoil surface.
Aerodynamic lift force is perpendicular to the direction of the oncoming wind flow and
is responsible for the power generated by the turbine. A resistance drag force generated
by surface friction is also generated parallel to the direction of wind flow that opposes
the motion of the blade. Following Figure 3.5, the angle of relative velocity (W) with the
chord line of the airfoil is called the angle of attack, AoA (α). The twist of the airfoil, β, is
the angle between the chord line of the airfoil and the rotor plane. The flow angle (φ) is
the angle between relative wind speed and the rotor plane, which can be manipulated by
actively pitching the blade. For wind turbine blades, the peripheral velocity (U) increases
as the length of the blade increases. In order to maintain the optimal or preferred angle of
attack, the twist of the blade decreases from root to tip such that without compromising
the AoA along the entire length of the blade.

The aerodynamic load on the turbine blade is generated by lift and drag forces acting
on the blade airfoil sections. This load is generally dependent on wind velocity, blade
velocity, angle of attack, AoA (α), as shown in Figure 3.5. Accounting for the induced
velocity (both axial and angular), the absolute velocity hitting the rotor is V1 (1 − ai ) and
the peripheral velocity of the rotor is Ωr (1 + ai0 ) where ai and ai0 are the axial induction
factor and angular induction factor respectively. Discretising the rotor into a number of
annular blade elements, for an annulus of radius r and thickness dr, the elemental torque
and thrust on each blade element are calculated as:

dT = ρV12 4πai (1 − ai )rdr
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(3.13)
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Figure 3.5: Velocity diagram of an arbitrary airfoil with local radius r and resulting forces
acting on an airfoil. The airfoil has a twist angle of β relative to rotor plane
and
dQ = 4ai0 (1 − ai )ρV1 πΩr3 dr

(3.14)

For the turbine rotor to perform efficiently, it is essential to maximise the lift force on
the blades while the resistive drag force must be minimized. As lift (L) and drag (D) are
both aerodynamic forces, the lift-to-drag ratio (L/D ratio), as shown in Equation 3.15, is
a measure of the aerodynamic efficiency of the turbine.
L/D ratio =

C1
Cd

(3.15)

where Cl and Cd are the two-dimensional lift and drag coefficients.
Turbine rotors are usually designed using two-dimensional coefficients and are
determined for a range of angle of attack and Reynold numbers in wind tunnel tests on
the airfoils that make up the turbine blades. Airfoils for HAWTs are often designed to
be used at a low angle of attack where lift coefficients are relatively much higher than
the drag coefficients with L/D ratio typically being greater than 30 [110]. The lift, drag
and pitching moment coefficients, which are the functions of Reynolds number, are
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defined as:
Cl =

Cd =

L/l
1 2
ρV c
2

D/l
1 2
ρV c
2

(3.16)

(3.17)

where ρ is the density of air, V is the velocity of the undisturbed flow, c is the airfoil
chord length and l is the airfoil span. From Equation 3.16 and Equation 3.17, the lift and
the drag forces dL and dD respectively, acting on the airfoil having a thickness dr can be
determined by
dL =

1
C ρV 2 cdr
2 l

(3.18)

dD =

1
C ρV 2 cdr
2 d

(3.19)

where Cl and Cd are the function of the angle of attack (α) and can be found from look-up
tables obtained from experiments.
As seen in Figure 3.5, horizontal axis wind turbines extract energy from the forces on the
blade and this can be resolved into forces acting:
1. In-plane of rotation, which is the net driving force (torque) on the rotor
2. In the direction of the wind, which is the net thrust force on the rotor
From Figure 3.5, the net driving force is the component of lift force on the plane of
rotation minus the component of drag force in the plane of rotation i.e. the term Lsinφ −
Dcosφ is the torque on rotor at this blade location, which is the product of net driving
force and local radius, r.
For a rotor with B number of blades, the tangential force produced on an annular section
of the rotor radius r is:
∆FT = B[ Lsinφ − Dcosφ]rdr

59

(3.20)

Similarly, the thrust force is the addition of the components of the lift and drag forces in
the direction of the wind. So, the total thrust force produced at radius r on an annular
section of a rotor with B blades is:
∆FN = B[ Lcosφ + Dsinφ]dr

(3.21)

The overall torque and thrust on the rotor will be the sum of the contributions from each
of the annuli that make up the rotor.
n

Q=

∑ ∆Qi

(3.22)

i =1

and
n

T=

∑ ∆Ti

(3.23)

i =1

The resulting power (P) produced by the rotor is affected by the thrust force acting into
the rotor plane and the torque acting about the rotor axis. It can be seen from Equation
3.21 and Figure 3.5 that the thrust reaction forces acting on the flapwise bending in outof-plane direction, are substantial and the turbine blade must be designed to tolerate this
force within limited deformation.
Comparing Momentum theory and Blade Element theory, the thrust force on a rotor
annulus is equal to the thrust generated by the wind and the tangential force on the
annulus is equal to the torque generated by the wind. The values for the induction
factors can be calculated by equating the thrust forces in Equation 3.13 with Equation
3.21 and the tangential forces in Equation 3.14 with Equation 3.20.
i.e. ρV12 4πai (1 − ai )rdr = B[ Lsinφ + Dcosφ]dr
and,
4ai0 (1 − ai )ρV1 πΩr3 dr = B[ Lcosφ − Dsinφ]rdr, respectively, such that
1

ai =

(3.24)

2

4sin φ
σCN

+1

1

ai0 =

4sinφcosφ
σCT
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(3.25)

−1

cB
is the local blade solidity, which is the function of local radius and,
2πr
CN = Cl cosφ + Cd sinφ, Cd = Cl sinφ − Cd cosφ

where σ =

3.5

Yawing and gyroscopic loads on turbine

In addition to the aerodynamic loads, two other important sources of loading on wind
turbine that must be taken into account are inertial loads and operational loads. Inertial
loads include the loadings experienced by a turbine due to centrifugal and gyroscopic
effects. Operational loads arise from the action of the turbine’s control system e.g.
braking the shaft, yawing the rotor, pitching the blades, etc [123]. SWTs are typically
designed as fixed-pitch, variable speed turbines having simpler construction than large
wind turbines in consideration of their site of application and limited capital
investment. With the simpler turbine design, significant structural and operational
issues can transpire from wind-induced blade aerodynamics that is the due result of
complex wind dynamics intrinsic to their site of application and prevailing wind
conditions. SWTs are devoid of motorised yaw drives, which are a common appendage
to large wind turbines for yaw control. The motorized yaw drive takes input from
anemometers and wind vanes and the control system processes these data to calculate
the optimal direction of the rotor with respect to the prevailing wind direction, thereby
maximizing projected rotor area to the wind. Installing such instruments are also not
common for SWTs due to cost consideration.
SWTs typically utilize ‘passive yaw control’ that is achieved via the use of a simple, lowcost mechanical component called a tailfin attached on a boom extending behind the
rotor. The turbine is free to rotate about its axis under the influence of the aerodynamic
forces on the rotor/tailfin so that it can track the wind and keep the rotor aligned with the
wind direction. With no direct measurement system to gauge the turbine’s orientation in
the prevailing wind, it is not uncommon for SWTs to have significantly higher yaw rates
with passive yaw control than in large wind turbines. Since the passive yaw control does
not involve any yaw drive, controller or direction sensor, so the yaw rate is unregulated
[124]. Moreover, the rotational speed of a SWT rotor is much higher than that of the large
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turbines, and high, uncontrolled yaw rates and large gyroscopic loads on the blades and
turbine’s main shaft can arise from the Coriolis acceleration of the rotating and yawing
blades during frequently changing inlet wind conditions.
The gyroscopic loads on the rotor shaft and blade bending moments due to ‘free yaw’
are influenced by the tail fin aerodynamics and proportional to the product of rotor
speed and yaw rate of the turbine [125]. The significantly faster yaw rates than large
wind turbines, sometimes exceeding 160°/sec, than large wind turbines can lead to
significantly high and unsteady gyroscopic forces that are manifested as the large
bending moment at the rotor blade root, yaw bearing and rotor shaft of SWTs [126].
Yaw rates on large wind turbines are limited to less than 1°/sec to minimize loading
and thus gyroscopic forces are normally insignificant and are not a major design
consideration. Free yawing of the SWT rotor is a function of tailfin aerodynamics and
largely depends on its design. The delta wing design of a tailfin has been studied
extensively and is known for its simple design, high stall angle and better aerodynamic
characteristics than other tail fin designs [127]. It is rational to design a tailfin that
follows ‘low frequency’ wind direction changes but prevents the turbine from chasing
frequently fluctuating wind directions by incorporating yaw dampers to limit the yaw
rate and avert large gyroscopic loads [18, 110].
In the succeeding chapters of this thesis, loading and performance analysis of a SWT
using an aeroelastic code will be presented in detail. The influence of chosen wind fields
on the discussed turbine loads and turbine’s response will be evaluated.

3.6

Other turbine loads

Static loads and steady loads on the turbine are due to the structural of the turbine
and mean wind speed respectively, which do not participate in the dynamic loading
imposed on the turbine. Stochastic loads are imposed by random and impulsive loads
arising from turbulence in the wind while the cyclic loads arise as a result of wind shear,
yaw motion, and the influence of the gravity on the turbine blades. Stochastic loading
on a turbine can be significant at all wind speeds due to the complex inflow passing
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through the turbine, which causes the loading to vary more erratically and the turbine
can experience larger loads due to larger fluctuations in the wind. Steady loads become
more significant as the wind speed increases. Wind fields with higher mean speeds exert
larger forces on the turbine and the turbine components experience increased loading.
From the previous sections on the statistics of turbulence and aerodynamic loads
experienced by the turbine, the increased turbulence in the wind field and its stochastic
nature can inflict larger loading on the turbine components. The turbulent wind field
has adverse impact on the loading of the different components of the turbines when
operated in such wind conditions. Amongst the different types of loading experienced
by the turbine operating in the turbulent wind field, understanding the fatigue loads on
turbine blades is more important and thus is of special interest for this study. The
following section will explain the fatigue causing damage load experienced by the
turbine blades, which is primarily linked with the increased bending moment of
turbine blades in flap-wise direction.

3.7

Fatigue load estimation on turbine blade

In this section, the concepts of fatigue loads and damage equivalent loading are
introduced for the fatigue load analysis of wind turbine blades. In turbulent wind
conditions, gusts occur very quickly causing large instantaneous loads, which are
detrimental to the blades. When such gusts happen, the rotational speed of the turbine
is unable to attune itself to the approaching wind and results in exceedingly large local
angles of attack which, in turn, causes large drag forces and bending moments in the
flow direction.

A wind turbine’s rotor blade experiences loads in flapwise and

edgewise directions as seen in Figure 3.6. Damage related to flapwise bending of wind
turbine blades is a common type of failure experienced by SWTs. The flapwise loads
originate from the wind loads that act perpendicular to the rotor plane (in the direction
of the wind; alternatively, out of the plane of rotation) whereas the edgewise loads act
in the plane of rotation (lead-lag). Fatigue loads arising from the flapwise bending
moment (FBM) of rotor blades are important as these loads are relatively higher and
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Figure 3.6: Representation of bending moments acting on the blades of the 5 kW
Aerogenesis HAWT, installed in the Callaghan campus of The University of Newcastle,
Australia
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vary strongly in amplitude compared to the edgewise loads. The damage on the blade
caused by FBMs is more severe than that caused by edgewise bending moments (EBMs)
due to the low sectional stiffness of the blade and high aerodynamic moment [128].

Edgewise (or lead-lag) loads originate from gravity, acting with or against the movement
of the blades, as well as fluctuations in torque on the rotor from the wind or in reaction
torque on the rotor from the generator. The load variation for gravity-driven edgewise
loads is periodic as the loading direction changes twice during each revolution [77]. For
large wind turbine blades, the regular blade edgewise gravity fatigue loads can become
significant for blade lifetime prediction due to the large length (and therefore weight) of
the rotor blades, however edgewise gravity fatigue loads can be minor for the blades of
SWTs.

The fatigue cycle of a solid material is a closed stress-strain hysteresis loop in the stressstrain time series. For a sinusoidal fatigue cycle, the developed stress (S) varies about a
mean by an amplitude (Samplitude ) as seen in Figure 3.7. The cycle has a maximum stress
(Smax ), which is the largest algebraic value of stress in the stress cycle and a minimum
stress (Smin ), which is the local minima. The flapwise fatigue loading is said to be of
tension-tension load regime and thus the tensile stresses are taken to be positive.

+

Smean

Srange

Samplitude

Stress

Smax

Smin
Cycle
0

Time
–

Figure 3.7: Illustration of a sinusoidal fatigue stress cycle on a solid material

65

The mean stress (Smean ) is the algebraic average of (Smax ) and Smin .
Smean =

Smax + Smin
2

(3.26)

The range of the stress cycle (Srange ) is,
Srange = |Smax − Smin |

(3.27)

And the amplitude of the stress cycle (Samplitude ) is equal to half of the range.
Samplitude =

Smax − Smin
2

(3.28)

The stress ratio, SR , is defined as the ratio of Smin to Smax where SR = −1 for an
alternating load, 0 < SR < 1 for a tensile-tensile load cycle, and 1 < SR < +∞ for a
compression-compression load cycle. Flapwise fatigue loading is typically said to be of
the tension-tension load regime as compressive stresses are unlikely to occur during
normal blade operation [129].
The Wöhler equation, which indicates how fatigue damage accumulates on a structural
component, is recognized as the basis for fatigue analysis for wind turbines, which tells
of how the fatigue damage accumulates on a structural component [130]. The equation
assumes that each cycle of a stress range having a constant amplitude (S) inflicts a certain
amount of damage on the component. With a constant amplitude of stress range, the
damage increases linearly with the number of such stress cycles (N) applied until it
reaches failure level. For a single stress cycle, the damage induced is proportional to the
mth power of the stress range amplitude where m is the material parameter. A second
material parameter, K, is proportional to the number of cycles a material can withstand
before failure. If NF is the number of cycles until failure, the Wöhler’s equation may be
expressed as:
NF Sm = K

(3.29)

or,
logS =

−logNF logK
+
m
m
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(3.30)
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Cycles to failure

Figure 3.8: Constant amplitude S-N curve on log scale (left) and linear scale (right) for
ferrous material A and non-ferrous material B, NB: Plot not to scale
For many materials, there is an explicit relation between the number of cycles to failure
(fatigue life) and magnitude of cycle stress (amplitude), which is known as the S-N,
stress-cycle or Wöhler curve [131]. The fatigue behavior of a turbine blade material can
be formulated with a straight S-N curve on a log-log scale as shown in Figure 3.8 (left)
that defines the number of cycles, N, to failure when a material is repeatedly cycled
through a given stress range, S. The coefficient m is the slope of stress-cycle or Wöhler
curve. Different slopes of the S-N curves characterize the behavior of different materials.
Although N is a dependent variable, the readers should note that it is plotted on the
x-axis instead of y-axis for the graphical representation of the S-N curve.
The fatigue analysis of the turbine blade due to blade loads is based on the
Palmgren-Miner Sum method, usually referred to as Miner’s Rule. This method allows
the structural damage incurred to be estimated from a particular stress-time
history [88]. The damage fraction (Dai ) at any stress level Si is linearly proportional to
the ratio of number of cycles of operation (ni ) to the total number of cycles (Ni ) that
produce failure at that stress level, i.e.
Dai =

ni
Ni

(3.31)

The damage fraction, as expressed in Equation 3.31, is defined as the fraction that has
been reduced from the material’s service life due to a given stress range S, at the
number of cycles N, before failure occurs. If the damage results from a combination of
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stress levels as in the seemingly random load environment for wind turbine blades, the
accumulated damage is expressed in terms of a damage parameter, Da, which is the
sum of all the fractional damages over a total of k blocks (damage portion), expressed
as:
Da =

k
NSm
n
=∑ i
K
N
i =1 i

(3.32)

The total damage, as expressed in Equation 3.32 is the sum of each damage portion
sustained by the structure that undergoes ni stress cycles at stress level si for all the
stress levels. Ni is the number of stress cycles that causes the structure to fail at stress
level Si . The damage fraction is a number between 0 and 1. For any unexploited (unused)
material, the damage fraction is zero while the damage fraction will be unity when the
material life is completely exhausted. The value of the damage parameter only indicates
whether a failure has occurred or not; it does not reveal any physically quantifiable
damage. In practice, Palmgren-Miner damage summation can deviate from unity.
If the relative differences in fatigue experienced by the turbine components between
loading scenarios are of interest rather than the fatigue lifetime itself, then the concept
of damage equivalent load (DEL) can be useful. The damage equivalent load is the
constant amplitude load that would cause the same damage as the original
variable-amplitude load time series would, during an arbitrary number of equivalent
load cycles. DEL ranges (2 × amplitude) are computed from the load time series by
implementing a rainflow cycle (RFC) counting algorithm. RFC is one of the widely
used counting methods based on the algorithm that identifies fatigue cycles by
combining and extrapolating information from the minima and maxima of a time
series [131]. The RFC algorithm decomposes variable-amplitude cyclic stress into a set
of simple stress reversals (R) and counts the number of stress cycles (n) at the particular
load level from the stress-time history. The RFC is a commonly applied technique in
wind turbine industry to convert complex load time series into cycle count matrices.
The method can be implemented together with damage accumulation rules like
Miner’s Rule to calculate the total damage of a structure that is subject to loading.
Having decomposed fatigue damage time series by RFC and fatigue properties of the
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blade material classified, Equation 3.32 can be modified as:
k

∑ Sim ni

i =1

Da =

(3.33)

K

The damage caused by neq constant amplitude cycles with stress range Req has to be
equal to the damage caused by the above load spectrum. So, from Equation 3.33,
N

∑ Sim ni

i =1

=

K

Rm
eq neq
K

(3.34)

or,

Req =

∑ Rim ni
neq

1
m

(3.35)

The results of the rainflow counted constant amplitude fatigue behavior and load cycles
are used to calculate the expected fatigue load as an equivalent damage load, which is a
single, constant-rate fatigue load producing the equivalent damage, using Equation 3.35.
It is evident from the equation that the equivalent damage load is material dependent.

3.8

Chapter summary and remarks

This chapter presented two important statistical approaches that can be used to
characterize the wind field and quantify turbulence. Discussion on these methods
clarified the approach of each method as well as the kind and amount of information
that can be obtained by utilizing these statistical methods to describe wind turbulence.
The one-point statistical method (up to its second-order) quantify the turbulence in the
wind field in terms of a turbulence intensity parameter but is insufficient to characterize
the fluctuations within the turbulence. These information are contained in the PDF of
the wind fluctuations and requires higher-order moments of statistical distributions in
order to fully quantify the turbulence. A two-point statistical approach evaluates the
PDF of wind speed increments to provide information on the probability of the
occurrence of large fluctuations or extreme events.

Additionally, a turbulence

intermittency parameter, λ2 , was also introduced, which is dependent on the 4th
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statistical moment (kurtosis) and determines the shape of the distribution.

These

statistical methods of characterising turbulence will be used in this thesis to examine the
impact (if any) of turbulence intermittency on wind turbine loading and performance.
The chapter also presents the description of different types of loads exerted by the wind
field and experienced by the turbine. The important loads that are significant in terms of
dynamic loading were discussed. Discussion on BEM theory was also presented, which
is applied to determine rotor torque and thrust loads on turbine blades. The aeroelastic
code FAST, described in Chapter 5, implements BEM theory to calculate aerodynamic
loading, and will be used in this thesis to determine the aero-elastic response of a wind
turbine.
Calculating the fatigue loads on a turbine blade is an important aspect of this study. The
concept of damage equivalent load was discussed, which applies a rainflow counting
algorithm on the stress cycles of the turbine blade in flapwise direction. The method, in
conjunction with Miner’s Rule, will be used in this thesis to determine the fatigue load
experienced by a turbine blade.
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Chapter 4

Methodology for data analysis using
one-point and two-point statistics

4.1

Chapter introduction

In this chapter, the methodologies used in preparing and analysing the measured data
will be discussed in order to compare them with the estimates of the current wind
standard for SWTs- IEC 61400-2, and to also undertake aeroelastic simulation for
performance evaluation of a SWT. The key focus of this chapter will be to introduce the
methods used in this research to answer the research questions. The chapter first
explains the overall methodology of the research, followed by the description of the
statistical methods applied to evaluate the measured data sets and performance of the
turbine obtained from aeroelastic simulations. This chapter will explain the one-point
statistical method to analyse the measured data sets obtained from two different sites,
which are then are benchmarked against the standard. This procedure is in accordance
with the guidelines in IEC61400-2.

The two-point statistical method will also be

described to analyse the intermittency in turbulence by computing the probability
density function (PDF) of the wind speed increments. As the measured datasets are also
utilized to investigate their impact on the performance and loading of a SWT,
procedure to calculate fatigue damage load of the turbine blade will also be explained.
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4.2

General methodology of the research

Figure 4.1 shows the flow chart of the overall methods used in this research. This
research focusses on characterizing the wind fields based on terrain and investigate their
impact in terms of wind speed and turbulence, including the intermittency of turbulence,
on the operation and loading of a small wind turbine (SWT). From the literature review
in Chapter 2, the gaps in our current understanding of flow field in complex sites and its
impact on the operation of SWTs are inferred. Such non-standard wind field are seen to
affect the turbine’s performance and structural integrity.

Literature review

Identification of problems/research
gap, rationale of the project

Measured dataset:
complex site
Measured dataset:
flat terrain

Characterization
of turbulence with
1-point statistics

Data analyses
with custom
Matlab script

Characterization
of wind field with
2-point statistics

Compare with IEC
61400-2 standard

Set objectives and
methodologies

IEC wind cases

Compare predicted loading and
power performance
Aeroelastic
simulation

Compare rotor loads due to
intermittency in turbulence
(2-point statistics of rotor loads)

Identify suitability of the standard
for ‘non-standard’ sites

Figure 4.1: General research methodology
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To achieve the research objectives set in Chapter 1, high resolution wind data from two
contrasting locations were considered for this study. To investigate the impact of terrain
and buildings on the wind flow field, wind data from a built-environment site and a flat
terrain site were chosen. These measured data sets were evaluated with one-point
statistical methods to identify the level of turbulence in the wind field. Using a custom
Matlab script, the measured datasets from both the sites were averaged over ten-minute
interval and the mean and standard deviation within the averaging period are
calculated. The one-point statistics of mean and standard deviation are summarized in
turbulence intensity that gives the indication of the variations in the wind field. The
results were then benchmarked against the standard’s NTM to assess the level of
turbulence intensities in both the locations due to the impact of terrain on the wind
flow fields. The details about preparing the measured data sets and applying the
one-point statistical method are discussed in Section 4.4.
The one-point statistics, however, does not give a true picture of the wind fluctuations
that occur within the averaged period, a two-point statistical analysis of the measured
data sets were conducted to understand the presence of small-scale turbulence occurring
within the fluctuating wind field. The turbulent wind field has highly intermittent
statistics that can be seen in their probability density function (PDF). The average PDF
of the wind speed increments of the measured data sets from both the locations were
calculated. Additionally, an intermittency parameter, λ2 , was also used to determine
the shape of the distribution. The λ2 is based on the fourth moment of the wind speed
increment distribution that measures the degree of tailedness in the distribution. The
wind field with large fluctuations and having the higher probability of occurrence of
extreme events are seen in their PDF with heavy tails. The methods used for two-point
statistics are discussed in Section 4.5.
In order to evaluate the impact of turbulence and wind speed on the operation of a
SWT, an aeroelastic simulation of a 5 kW ‘Aerogenesis’ HAWT was carried out using
the aeroelastic code FAST (Fatigue, Aerodynamics, Structure and Turbulence). The
FAST model of the turbine has its components like blade airfoils, tail-fin, tower and
other structural and aerodynamic aspects defined within the code. For the aeroelastic
73

simulation, selected wind sets from both the locations from three different wind speed
bins were used as inputs in FAST to simulate the performance of the turbine due to the
wind sets having different means and standard deviations. These selected ten-minute
records from both the sites have their mean wind speeds lying within the wind speed
bin of 4-5 m/s, 7-8 m/s and 10-11 m/s. Details about modelling of 5 kW Aerogenesis
HAWT and settings related to the FAST / TurbSim simulations will be discussed
separately in Chapter 5 for clarity and readability. Additionally, wind data at the three
wind speed bins were also generated using IEC Kaimal turbulence model to compare
the performance of the turbine due to the measured wind sets as well as IEC wind
cases. The outputs from FAST were analysed for rotor loads and blade fatigue load in
terms of damage equivalent load (DEL). The DELs on the turbine blades due to the
applied wind fields were calculated from the blade root flapwise bending moment
(FBM) time series using the rainflow counting (RFC) algorithm and methodology
discussed in IEC 61400-13 [132]. Details about RFC and fatigue load calculations are
discussed in Section 4.6.
The incremental PDF of rotor loads were also calculated from the FAST output using
the selected wind sets from the two sites and IEC wind cases to investigate the impact
of turbulent intermittency in the wind fields on the rotor loads of the turbine. The
incremental PDF of the rotor loads in terms of rotor torque, rotor thrust and blade
root FBM were computed using two-point statistical method, as discussed in section
4.5. Thus, the measured data sets from two contrasting locations were analysed using
one-point and two-point statistical methods to quantify turbulence and intermittency
in turbulence, respectively. The aeroelastic simulation was conducted to evaluate the
power performance of the turbine and fatigue loads on the turbine blades based on
the applied wind fields. A detailed flow chart on the research methodology for wind
characterization using higher order statistics and the estimation of performance of a SWT
and its fatigue loads from the aeroelastic simulation is shown in Figure 4.2. The results
from these applied methods were benchmarked/compared with the IEC standard to
gauge its suitability for non-standard sites. This chapter will now continue to describe
the aforementioned methods used in this research in the upcoming sections.
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Figure 4.2: Flow chart detailing the methodology for wind characterization using one-point and two point statistics and estimation of

custom Matlab script

4.3

Wind measurement and site description

This study utilizes the wind data sets obtained from wind monitoring systems at two
disparate locations- Port Kennedy (PK) in Australia, which is a complex terrain site, and
Östergarnsholm (OG) in Sweden, which is a flat terrain site, as shown in Figure 4.3 and
Figure 4.5 respectively. Both the sites have SWTs installed, although only PK site had
turbines installed at the time when wind observations were recorded.

(a)

(b)

Figure 4.3: Wind monitoring site at Port Kennedy (built environment) with 500 m radius
indicated. Figure (b) Source Google Maps
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(a)

(b)

315˚

80˚

Figure 4.4: Ultrasonic anemometer installed on the rooftop of a warehouse in Port
Kennedy, Australia. Note that humidity, pressure and temperature sensors are not
shown in the picture

At Port Kennedy, an ultrasonic anemometer was installed in a vertical mast placed
along the façade of a warehouse along with wind vanes, hydrometer and temperature
sensors to record information related to wind speed, wind direction, relative humidity,
atmospheric pressure and temperature, as seen in Figure 4.4. The warehouse is a
rectangular building of height 8.5 m, with its long-axis oriented to NNE-SSW, and an
almost-flat roof with a façade wall around the edge. The coast of the Indian Ocean is
roughly 5 km away from the warehouse. There are light industrial, commercial and
residential buildings as well as light vegetation around the periphery of the warehouse,
which make it a built environment site.

A 3D sketch of the warehouse and its

surroundings, the orientation of the building, location of the anemometer on the rooftop
and important measurements are can be referred to in [37] for better understanding of
the site setting. In order to measure the wind data at different heights (from the façade),
the anemometer was attached to a vertical mast and placed on the façade of the
warehouse, as seen in Figure 4.4.

When placing the anemometer at intermediate

heights, the face of the mast would influence the incoming wind profile and risk
recording erroneous data. As a solution, a cross-beam was affixed to the mast with a
sliding collar held the anemometer in the upright position. The addition of a sliding
collar aided in changing the height of the anemometer. This study uses the wind data
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measured at the height of 5.94 m above the roof (14.44 m above the ground level and
when the anemometer is at the top of the mast). Data were sampled at 10 Hz. The initial
data measurement campaign at PK site took place from September 2009 to June 2010.

(a)

(b)

Figure 4.5: Wind monitoring site at Östergarnsholm (near-shore flat terrain) with 500 m
radius indicated. Figure (a) Courtesy of INSITU1 , Figure (b) Source Google Maps
1 INSITU

https://www.insitu.se/en/ (Accessed, 3 July, 2019)
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Östergarnsholm is a small island situated 4 km east of the larger Gotland Island,
Sweden, near the Baltic sea (see Figure 4.5). It has a meteorological mast installed with
ultrasonic anemometers at different heights. A long-term monitoring research station
was set-up in May 1995 for the study of air-sea interaction. The met mast is a 30 m high
instrument tower erected at the south-most end of the peninsula measuring wind data
at different heights. Additionally, separate sensors were also installed in conjunction
with the anemometer to record temperature, pressure and relative humidity. For this
study, wind data at 17 m height from the ground level are considered to make them
consistent with the measurement height at PK site for legitimate comparison. The OG
data sets are undisturbed by the mast and other nearby objects in the 80° - 315° sector.
The datasets under the influence of tower shadow are removed from the OG site, which
comprise of approximately 40% of the total datasets. The wind data from PK site did
not require any data filtering as the anemometer was not disturbed by the mast.
In this study, high-resolution wind data measured from both the sites with ultrasonic
anemometer were considered for a period of six months. Whilst the wind datasets from
both the sites are secondary data sets, nonetheless, the author is well-informed of the
instrumentation of measurement systems employed at both the sites such as ultrasonic
anemometer, atmospheric sensors, datataker and related computer software.

As a

practical approach to wind field characterization, the first two statistical moments of
wind speed time series were considered. Wind datasets from the said two sites were
separately analysed using custom Matlab scripts to evaluate the first-order (U) and
second-order (σu ) one-point statistical moments of the velocity time series. The original
datasets from both the sites comprised of longitudinal, lateral and vertical wind
components, sampled at 10 Hz. The IEC 61400-12 suggests the averaging period of one
minute for SWTs and IEC 61400-2 specifies that the measured data sampled at the rate
of at least 0.5 Hz shall be binned into 0.5 m/s wind speed bins with each wind speed
bins ranging from 1 m/s below the cut-in speed, up to 2 × Vavg . However, based on
previous studies discussed in Chapter 2 in relation to the effect of the averaging time
period on mean turbulence intensity, the author adopts the conservative approach of
ten-minute averaging period to analyse the measured data, which is said to give a
better estimate of the turbulence [58]. From a separate analysis, the author also notes
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Figure 4.6: Gill WindMaster Pro Ultrasonic Anemometer Time of Flight Theory. Adapted
from Gill WindMaster’s User Manual [133]

that there is no noticeable difference in the result when the measured data are binned at
1m/s interval instead, with bin centres at positive integer values starting from zero.
The ten-minute mean value of the magnitude of the three-dimensional wind speed,
U = hu(t)i10−min was used together with the standard deviation, σu , with respect to the
same time interval ∆t to compute turbulence intensities.
Conventional on-site wind resource monitoring for small wind schemes in built
environment employs a cup anemometer and a wind vane, (preferably in addition to
with pressure, humidity and temperature sensors) to measure the mean properties of
the flow, however, such device has low resolution and does not respond well to the
sudden changes in the wind speed and direction.

The cup anemometer has a

mechanical sensor that records wind speed with moving ‘cups’ and require a separate
wind vane to measure changes in wind direction. When averaged over a time period,
the accuracy of a cup or an ultrasonic anemometer is comparable.
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However, the

mechanical sensors like cup anemometers and wind vanes will not be able to capture
wind dynamics related to such complex sites particularly gusts and intermittency in the
wind occurring at small time scales due to the physical limitations of moving parts in
the equipment [56]. Because of the rotating inertia, both cup anemometer and wind
vane are unable to register sudden changes in the wind. Besides, cup anemometers are
unable to give data sampling at higher resolution.
Ultrasonic anemometer or LiDAR is more preferable to measure high-resolution wind
data for a prolonged period required to accurately capture the dynamics related to the
urban wind fields. Ultrasonic anemometers have the capability to record the wind data
at a high resolution, up to 40 Hz. They are unaffected by rotational inertia as they are
devoid of any moving parts and can accurately pick up instantaneous variability in both
wind speed and direction. Due to their capability to capture wind data at high resolution,
they are chosen to measure turbulence and turbulent transport in the wind field. The
Gill’s ultrasonic anemometer employed at Port Kennedy uses ‘Time of Flight’ theory, as
seen in Figure 4.6, to record the time taken by the pulse of ultrasonic sound sent between
the two transducers to work out wind speed and direction.

4.4

Analysis of measured data with one-point statistics up to
second order

From the aforementioned sites, the 3-axis ultrasonic anemometer collected time series
of 10 Hz data with velocity components.

The measured wind velocities from the

anemometer have longitudinal (us ), lateral (vs ) and vertical (ws ) components that are
the function of position and time. The ultrasonic anemometer resolves the 3D wind into
three components that align with N-S, E-W and up-down.

In terms of the

anemometer’s frame of reference, positive ‘us ’ represents the wind speeds running from
North to South, positive ‘vs ’ represents wind speeds running from East to West and
positive ‘ws ’ represents the wind speeds running upward, as seen in Figure 4.7. The
raw data from both the sites have been adjusted, if necessary, so that they conform to
the following sign convention:
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Figure 4.7: Defining wind components with respect to the anemometer alignment.
Courtesy Gill WindMaster [133]

us : wind velocity from South (+), from North (-)
vs : wind velocity from East (+), from West (-)
ws : wind velocity upward (+), downward (-)
To compare the statistics of the measured data with that of the NTM in the standard,
the measured data required the wind velocity measurements to be rotated from the
anemometer’s frame of reference to the reference frame of mean three-dimensional wind
speed. With the chosen ten-minute averaging period for wind data sampled at 10 Hz,
each ten-minute record consisted of 6000 continuous time history of the wind data. In the
first step, the wind data within each ten-minute record was used to compute an average
wind speed and direction, in the horizontal plane, θ. Then these parameters were used
to translate the mean from the ultrasonic anemometer’s frame of reference (x-y) to the
reference frame of the mean longitudinal wind speed (X-Y), which gave the mean wind
direction as seen in Figure 4.8.
For each ten-minute record, ū, v̄, w̄ were the average wind speed of us , vs and ws
components respectively (raw data readings from ultrasonic anemometer). The mean
√
wind speed was calculated as U = ū2 + v̄2 + w̄2 and the mean wind direction, θ, in
the horizontal plane depends on the value of ū and v̄, which was determined based on
the logic below:
if ū>0,

n

θ = −arctan(v̄/ū) + 180
82


 θ
if ū<0,
 θ



θ



if ū=0,
θ




 θ

= −arctan(v̄/ū) + 360 for v̄ < 0
= −arctan(v̄/ū) for v̄ ≥ 0
= 90 for v̄ > 0
= 270 for v̄ < 0
= −1, (no wind) for v̄ = 0

The new coordinate system with the same origin, rotated through an angle -θ (defining
a convention where anticlockwise rotation is positive) aligns the x-axis with the X-axis
and the y-axis with the Y-axis. The point P has co-ordinates (ū,v̄) in the old system and
(ū0 ,v̄0 )in the new system. For R(-θ), these are related by:
  
 
ū0
cosθ −sinθ
ū
 =
   where θ is the mean wind direction.
v̄0
sinθ cosθ
v̄
In doing so, the longitudinal coordinate (X) pointed in the direction of the mean wind
speed while the lateral coordinate (Y) was perpendicular to X and lies on the horizontal
plane and the vertical coordinate (Z) was perpendicular to both X and Y as seen in Figure
4.8. u and v are the mean longitudinal and lateral wind components from the sonic
anemometer reading whereas u0 and v0 are the respective wind components from the
reference frame of the horizontal wind speed after the first rotation through angle θ.
In the rotated coordinate system, the two-dimensional standard deviation of
longitudinal and lateral components were obtained by:

(σu0 )2 = (σus )2 cos2 θ + (σvs )2 sin2 θ − 2cosθsinθσus vs
(σv0 )2 = (σus )2 sin2 θ + (σvs )2 cos2 θ + 2cosθsinθσus vs
By changing the coordinate system, the mean wind speed was expressed in terms of
two components, viz. a longitudinal component that was aligned with the mean wind
direction and a lateral component that was normal to the mean wind direction. The
magnitude of the measured wind vector did not change and was consistent regardless
of whichever coordinate system was used. There was not lateral component normal
to the mean wind direction because the mean wind speed itself was in the mean wind
direction.
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With the vertical component of the wind speed considered in the calculation, the
direction of the flow was inclined at ϕ angle with respect to the horizontal, given by:
 
w̄
ϕ = arctan 0 and
ū
  
 
ū00
cosϕ sinϕ
ū0
 =
 
w̄0
−sinϕ cosϕ
w̄
u00 and w00 are the longitudinal and vertical components of the three-dimensional wind
speeds (reference frame of the mean three-dimensional wind speed), respectively. In the
next step, data was translated from the reference frame of horizontal wind speed to the
reference frame of mean three-dimensional wind speed and direction, refer Figure 4.8.

(σu00 )2 = (σu0 )2 cos2 ϕ + (σws )2 sin2 ϕ + 2cosϕsinϕσu0 ws
(σv00 )2 = (σv0 )2
(σw0 )2 = (σu0 )2 sin2 ϕ + (σws )2 cos2 ϕ − 2cosϕsinϕσu0 ws
This convention made the longitudinal component the sole component with non-zero
mean such that the velocity component in the lateral and vertical directions had zero
σ 00
mean values. The longitudinal turbulence intensity was calculated as: TIu00 = u which
U
is equivalent to the TI equation as seen in equation 3.2 in Chapter 3.
By translating the mean wind speed first from the ultrasonic frame of reference (x-y) to
the reference frame of mean longitudinal wind speed (X-Y) and then to the reference
frame of mean three-dimensional wind speed (2D longitudinal-vertical), the computed
turbulence intensity from the measured datasets were then comparable with that of the
standard’s NTM.
Using the ten-minute averaging period, the mean wind speeds and their corresponding
standard deviations in the longitudinal direction were calculated for the entire data
sets from both the locations, to plot the longitudinal standard deviations with respect
to the wind speeds. For the measured data sets from both the sites, bin widths of 1
m/s were adopted and the mean value and the distribution of the standard deviations
of longitudinal wind speed, σu , were calculated for each wind speed bin. The value
of the turbulence of the measured datasets was then given by the 90th percentile of
turbulence intensity, obtained by using Equation 4.1, assuming a Gaussian distribution
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Figure 4.9: Normal distribution curve of standard deviation together with cumulative
percentage and percentiles. The red line represents 90th percentile.
for the turbulence values,
σu,90percentile = σ + 1.28σσ

(4.1)

where σ̄ the mean value of the distribution of standard deviations of ten-minute
averaged longitudinal mean wind speed, and σσ is the standard deviation of the σu
values within the bin.

For the 90% of observation, the 90th percentile can be

represented in Normal Distribution Curve of standard deviation as shown in Figure 4.9
as well as obtained from the standard normal distribution table value, which is equal to

+1.28σ. With the bin width of 1 m/s, the 90th percentile of the measured ten-minute
records is calculated at each bin.
To understand the influence of wind speed on turbulence intensity, the characteristic
turbulence levels with the measured datasets at each bin were calculated by dividing the
90th percentile of the longitudinal standard deviation by the mean of the wind speeds
within that bin. These results are detailed in Chapter 6.
Similarly, the 90th percentile of the longitudinal standard deviation and the characteristic
turbulence intensity with the IEC’s NTM at each bin were also calculated using Equation
4.2, which is also discussed in Chapter 3.
σu = 0.9 + 0.12U
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(4.2)

4.5

Two-point statistics for analysing measured wind field and
simulated rotor loads

To understand how wind gusts are related to small-scale turbulence, a two-point
statistical method was applied for the measured datasets from both the said locations.
The incremental probability density function (PDF) of their wind speeds and their
shape parameter, λ2 , were computed at 3 different wind speed bins separately with the
time lag, τ, ranging from 0.1 s to 150 s (at selected time lags). A custom Matlab script
was written to extract all the time series occurring within the wind speed bins of 4-5
m/s, 7-8 m/s and 10-11 m/s for both PK and OG site wind data sets. It should be noted
that the data are not continuous in time but in the chronological order, which contains
only the ten-minute records having the mean wind speed values that lie within the
chosen bin. At each wind speed bin, all the wind time history of the mean wind speed
that occured between the given wind bin values were collected. The velocity increment
of each ten-minute wind record was then computed and normalized by its standard
deviation at each time lag, ranging from 0.1 s to 150 s such that their normalized PDF is
P(δu(τ )/δτ ). The sampling rate of the measured datasets at both the sites were at 10
Hz, so the smallest increment lag value for this study was τ= 0.1 s. From all the
individual PDFs of the ten-minute sets within a bin, an average PDF of the normalized
increments of the dataset at each time lag was computed and compared with the
corresponding Gaussian PDF at the same time lag.
Similarly, the shape parameter at each time lag for each ten-minute record was also
calculated using Equation 4.5 and averaged out for each time lag ranging from 0.1 s
to 150 s. As the measured data from both the sites were sampled at 10 Hz and the FAST
simulation was also run to execute the outputs at 10 Hz, the smallest value of the time
lag for the incremental PDF was 0.1 s. The upper limit of the time lag of 150 s, which
is one-fourth the duration of ten minutes, was sufficient for the analysed data sets to
transition to Gaussian behaviour.
For instance, we have n ten-minute records that have mean wind speed between 4 m/s
and 5 m/s and we are interested in calculating the average (average of n ten-minute
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records) incremental velocities and intermittency parameter at time lag, τ of 0.1 s. At 10
Hz, each ten-minute record will have 6000 data lines. For each ten-minute set, the
incremental wind speed can be computed at the time lag, τ by using Equation 4.3. The
incremental matrix at τ= 0.1 s will contain 5999 datasets for each ten-minute record.
Then the incremental matrix is normalized by their respective standard deviation. Such
normalized incremental velocities, δu(τ )/δτ for all ten-minute records within the
chosen wind speed bin are computed at 0.1 s time lag and a global maximum and
global minimum is identified.

When further time lags are considered, the global

extreme values will be based on all the normalized incremental velocity values lying in
the range of the chosen time lags.
The global extreme values along with a reasonable number of bins (Nhisto ) is then used
to calculate bin width or bin step, as per Equation 4.4 to bin the previously computed
normalized velocity increment at the given time lag.
δuτ (t) = u(t + τ ) − u(t)

binsteps =

(4.3)

maxincu − minincu
Nhisto

(4.4)

where maxincu and minincu are the maximum and minimum values of the normalized
incremental velocities for the considered time lag. The normalized incremental PDF of
each measured dataset at a given time lag was computed with (δu(τ )/δτ ) matrix while
the Gaussian fit of the corresponding dataset was computed using the mean and the
standard deviation of the same normalized incremental velocity values. The average of
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incremental PDF of both measured and Gaussian fit at given time lag obtained from all
the considered ten-minute records were then calculated and plotted together at the same
time lag. Note that the sum of the PDF values at each time lag should be equal to 1.
Similarly, flatness of the normalized increment PDF and shape parameter at given time
lag were calculated for each ten-minute data set using 4.5. The step was repeated for all
the considered time lag of 0.1 s to 150 s.
λ2 =

ln[ F (δuτ )/3]
4

(4.5)

The λ2 values were obtained by computing the flatness at each time lag and averaging
the values of each ten-minute sets for each time lag to obtain mean intermittency value
for the chosen range of time lags. The intermittency plot was then obtained by plotting
the averaged λ2 for the considered range of time lag.
In order to investigate the impact of wind speed and turbulence on the operation and
fatigue load of a SWT, an aeroelastic simulation was considered using the aeroelastic
code FAST. For the simulation, the FAST model of 5 kW HAWT was used in
conjunction with the measured wind data sets from the discussed sites and the results
were benchmarked against the IEC wind cases. TurbSim, the stochastic turbulence
simulator, was used to generate full-field wind data from the single point measured
data sets that served as input for FAST’s AeroDyn subroutine. The FAST simulation
was run for a period of ten minutes for each wind case. From the FAST output, rotor
power and blade root flapwise bending moment are of interest to assess the impact of
turbulence on the turbine power output and fatigue loads. These parameters were
output at 10 Hz and were read by a custom script for post-processing. The ten-minute
statistics of rotor power and rotor loads such as mean, maximum/minimum, and
standard deviations were output with respect to each inlet wind case.
The concept of intermittency can be applied not only for velocity increments, but can
be also expanded to understand the fluctuations in rotor loads where the incremental
parameter, e.g. rotor torque, having higher fluctuations occurring within smaller time
scales can be visualised through its incremental PDFs. The time series of rotor torque,
rotor thrust, blade root flapwise bending moment and edgewise bending moment (EBM)
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obtained from the FAST output were considered to analyse the impact of intermittency
in the wind field on the rotor loads. The PDF of rotor torque, thrust, FBM and EBM
increments were calculated using the same approach when computing the PDF of the
wind speed increments with the time lag ranging from 0.1 s to 150 s. The small-scale
turbulence in the wind field as they pass through the turbine quickly can be picked up
by the turbine at small time scale and thus are capable of inducing the dynamic loading
on the turbine components if their sizes are in the same order of the lengthscale of the
turbine components. Incremental statistics of the turbine loads are calculated in terms of
intermittency and incremental PDFs, preferably at the timescale pertaining to the chord
length and the blade length of the considered turbine. This will allow to identify if the
intermittency in the wind field gets passed on to turbine at appropriate time scales.

4.6

Damage load calculation and fatigue spectra of turbine
blade

4.6.1

Damage load calculation

The blade fatigue spectra and damage loads on the turbine blades were calculated from
the blade loads obtained using FAST. From the FAST output, blade root flapwise
bending moment time series were evaluated to calculate blade fatigue load due to the
chosen inlet wind conditions. Blade loads due to flapwise bending moments (FBM) are
relatively higher and vary strongly in amplitude compared to the loads due to
edgewise bending moments (EBM). So, only the FBM time series obtained from FAST
output was considered to calculate the damage load. The blade root FBM acting on the
blades along the direction of the wind (x-axis) is in line with the choice of the
longitudinal component of wind speed for estimating turbulence intensity in IEC
61400-2 standard and building power curve in IEC 61400-12-1.
The damage equivalent load (DEL) or equivalent fatigue load on the turbine blade was
calculated from the blade root FBM implementing the rainflow counting (RFC)
algorithm in Matlab and the methodology discussed in IEC 61400-13 Measurement of
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Figure 4.10: Damage estimation steps for turbine blade with blade load time signal

mechanical loads [132]. The standard is generally referred to for determining structural
loadings and validating the aeroelastic codes. Whilst the standard is aimed at large
HAWTs having swept area >40 m2 , which corresponds to a rotor diameter of >7 m, the
principles outlined in the standard shall be relevant in the load calculations of
small-sized turbines like Aerogenesis. The steps in calculating damage loads using RFC
and Miner’s sum methods can be visualized from Figure 4.10. This equivalent load is
said to occur at a rate of 1 Hz for the turbine design life of 20 years. The equivalent
load, Req , is given by Equation 4.6 where i is the total number of rainflow counted load
cycles, ni is the number cycles at load levels Ri (equals to 1 for full-cycle loads and
half-cycles weighted by a factor of 0.5) and neq is the number of 1 Hz cycles over a
20-year period i.e. neq = 20 × 365 × 24 × 60 × 60 = 630.72 × 106 cycles.


Req =

∑ Rim ni
neq

 m1
(4.6)

The coefficient m is the slope of the stress-cycle or Wöhler curve that plots the magnitude
of cyclic stress against the fatigue life of the material. This coefficient is equal to 10 for
Aerogenesis’ glass-fibre reinforced polymer (GFRP) blades.
91

4.6.2

Rainflow counting technique

A custom Matlab script was written to calculate DEL by rainflow counting the blade
stress cycles. The output of the RFC characterises the stress cycle by its maximum
and minimum values. The Rainflow function in Matlab also requires Extrema function
to extricate maxima and minima from the stress-time history. The rainflow function
decomposes the variable-amplitude cyclic stress into individual stress cycles and counts
the number of cycles at the particular load level to determine the stress range. Both
of these functions can be accessed from Matlab’s file exchange repository. The Matlab
script invokes extrema and rainflow functions to count the equivalent bending moment
cycles present in the time series. From a ten-minute blade load time-series obtained
from the FAST output, the extrema function searches for local extremes and converts the
time series into a simple series of peaks and valleys. The algorithm lists the extreme
values from the time series in a sequence in such a way that the first minimum or
maximum point in the time series will be the first entry in the peak-valley list. Then
the rainflow function is applied to the peak-valley list to count the number of individual
stress cycles and their amplitude and/or range (2 × cycle amplitude). The output from
the RFC algorithm can be further applied to assess equivalent fatigue load on the blade
by invoking Equation 4.6.
The rainflow function matches peaks and valleys from the stress time series to form a
closed hysteresis loop. At the end of the dataset, there may remain some unmatched
peaks and valleys that could not constitute to the loop and remain unclosed. These are
the ‘half-cycles’ that typically include the largest peak and valley in the record and they
may also include other large events [134]. As per the recommended practice in IEC
61400-13, the unclosed cycles from the blade root flapwise bending moment time series
are treated as half-cycles and are also considered in the RFC algorithm along with the
full-cycles. For further detail about the RFC method, readers are directed to the literature
in [88, 134].
In order to verify how significantly the half-cycles contribute to the overall damage
value, damage loads were calculated once by removing all the half-cycles and the
resulting values were compared with the DEL range values considering both full and
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half-cycles of damage loads for all the cases. It was understood that the damage-half
cycles constituted a significant portion of the damage spectra for the majority of the
cases and thus could not be ignored. When both the damage cycles are considered, the
DEL range calculated according to Equation 4.6 uses n= 1 for full damage cycles and n=
0.5 for half cycles.

4.6.3

Frequency domain analysis for blade response

A frequency-domain analysis is often considered to comprehend frequency-dependent
phenomena. Wind turbine system can exhibit complex and dynamic response due to
complex wind field it experiences.

Frequency domain analysis are useful in

understanding frequencies and amplitudes of a cyclic signal in a time series data of
different components of a turbine. Power spectra density (PSD) of the data shows the
strength of variation as a function of frequency. The power spectra of blade root FBM
was found by applying Fourier transform to its time series data. Popular computer
software packages are capable of speeding up the computation using Fast Fourier
Transform (FFT) algorithm. The author implements the FFT function within Matlab to
compute the discrete Fourier transform (DFT) of the blade root FBM time series data
obtained as FAST output. The Matlab process is capable enough to handle any N length
of datasets within the time series. It does not necessarily demand the power-of-2 length
typical to the classical method to calculate the Fourier coefficients, which would involve
approximately N 2 multiplications and additions [110].
The PSD of blade root FBM shows at which frequencies the variations are strong and
at which frequencies they are weak. The unit of PSD is energy per frequency and thus
the PSD of blade root flapwise bending moment has a unit of ( Nm)2 /Hz. The PSD
of the blade FBM signal is computed by applying the FFT to the signal, taking the
absolute of the half of the FFT vector, normalizing it by the length of the FFT vector,
squaring the amplitudes and multiplying the vector by 2, except for DC and Nyquist
frequency bins. The Fourier transformed vector contains complex-valued amplitudes for
all of the discrete frequencies going from −Nyquist frequency to +Nyquist frequency.
Considering only the real signals, the absolute value of the amplitudes for the positive
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frequencies are taken, which range from the first element (DC component) to the Nyquist
frequency. Matlab’s FFT function does not normalize the DFT of the time series signal,
which is done by dividing the FFT values with the length of the FFT vector. As half of the
spectra will be the mirror of the other half, one-sided PSD is obtained, which contains
the total power of the signal in the frequency interval from DC to half of the Nyquist
rate. By taking only the one-sided spectrum, these values are squared and scaled by
multiplying these values by 2, except for DC and Nyquist values, to get the amplitudes
right. The blade load signal at 10 Hz as such will be clipped at 5 Hz in its PSD.

4.7

Chapter summary and remarks

A general research flow chart along with the description of the two statistical methods
to analyse measured data sets and rotor loads and to calculate blade fatigue loads were
presented in this chapter. In order to characterize the wind field and quantify turbulence,
high-resolution measured datasets from a built environment site (Port Kennedy) and a
flat-terrain site (Östergarnsholm) worth six-month period were considered. This chapter
detailed the site description and data monitoring campaign at both the sites. The main
highlight of this chapter was the methodology to process the measured data sets by
using one-point and two-point statistical approaches. The methodologies presented in
this chapter for analysis of measured datasets using one-point and two-point statistics
are novel and thorough, especially with measured wind components using ultrasonic
anemometer. A detailed method to analyse 3-axis ultrasonic anemometer data was
presented, which is not a common norm for resource assessment for SWTs. Additionally,
methodology on two-point statistical approach to interpret intermittency of turbulence
as temporal incremental statistics was also presented. The chapter also explained the
process of calculating the damage loads on the turbine blades using the blade root FBM
time series obtained as FAST output. The procedure to calculate equivalent fatigue load
using rainflow counting and Miner’s sum rule was presented, which comply with the
methodology discussed in IEC 61400-13. To understand the blade response in frequency
domain, the procedure to compute PSD of blade load was also presented that utilizes
FFT of the blade root FBM time series.
94

Chapter 5

Modelling of wind field in TurbSim
and FAST simulation

5.1

Chapter introduction

This chapter presents an overview of the chosen aeroelastic code FAST (Fatigue,
Aerodynamics, Structures and Turbulence), the use of a turbulence simulation code,
TurbSim, to generate full-field wind data, the use of a FAST model of a 5 kW HAWT to
simulate performance and loading of the turbine. Although various methods that are
used to analyze the measured data and their subsequent impact on performance and
loading are discussed in Chapter 4, this chapter separately focusses on the methods
employed especially for the aeroelastic simulation of a HAWT to study the impact of
the wind field on its operation and fatigue loads. The single-point measured wind data
from two different sites are fed into TurbSim to generate an equivalent
three-dimensional wind field data that is utilized by FAST to compute the turbine’s
aerodynamic and structural response. The output data from FAST are analysed in
relation to power performance and the turbine’s response to different wind conditions.
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5.2

Aeroelastic code FAST and wind field simulator TurbSim

HAWTs operating in different terrain and within wind conditions with strong flow
fluctuations can experience varying aerodynamic loads that can inflict detrimental
effects on the turbine structure, and mechanical components as well as hinder power
production. Detailed experimental and in-situ measurements are not reasonable for
such small energy schemes, due to the higher economic connotations as well as the
demand for occasional technical intervention.

Under such situations, aeroelastic

simulations can be a viable alternative to study the behaviour of the turbines over its
range of operational conditions.
To model and simulate the aero-elasticity of a wind turbine, several aeroelastic tools
and methods are available, which are discussed in Chapter 2. Such aeroelastic tools
typically consist of an aerodynamic component and a structural component and use a
time history and spatial distribution of wind data as input [135]. Nowadays, it has been
a common practice to estimate and measure wind turbine’s performance, determine of
its structural loading and its response to various wind conditions during its operational
life time using computational tools popularly known as aeroelastic codes. These wind
turbine simulator models the structural aspects of the turbine system and simulates
the performance and loading of the turbine under various inflow wind fields. Most
aeroelastic codes invoke blade element momentum (BEM) theory (see Chapter 3) to
model the rotor aerodynamics and a modal, multi-body or the finite-element approach
to model the turbine’s structural dynamics [136].
FAST computational program is NREL’s (National Renewable Energy Laboratory)
open-source, primary aeroelastic wind turbine simulator that models HAWTs with two
or three blade rotors. The program is based on a combined modal and multi-body
structural formulation, and performs time-marching solutions for the wind turbine
system. For each time step, the aerodynamic, gravitational and aeroelastic forces acting
on the structure are calculated and are used to solve the non-linear equations of
motions for the various displacements and states of the structural components [88].
FAST runs significantly faster than large more comprehensive codes such as ADAMS
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because of the use of the modal approach with fewer degrees of freedoms (DOFs) to
describe the most important parts of the turbine dynamics [135]. The world’s foremost
certifying body for wind turbines, DNV- GL (formerly Germanischer Lloyd (GL)
WindEnergie GmbH), also approved of the use of this aeroelastic simulator for load
calculations and on-shore wind turbine certification in 2005. Other popular aeroelastic
codes that have been actively used in wind turbine certification and performance
evaluation are discussed in [136].
As mentioned above, the BEM theory is still the standard approach for wind turbine
load calculations, which combines blade element theory and momentum theory to
determine the thrust and torque loads acting on the blades as well as the resulting
power developed by the rotor in a given wind flow field (see Chapter 3). The aeroelastic
calculations in FAST are performed via an interface with AeroDyn - an aerodynamic
subroutine library of rotor-aerodynamics routines- to calculate the aerodynamic forces
both on turbine blades and tower. FAST, coupled with AeroDyn, implements either the
classical blade element momentum (BEM) model or a more recent generalized dynamic
wake (GDW) model as the aerodynamic algorithms and uses Euler-Bernoulli/
Rayleigh-Ritz beam theory to calculate aerodynamic loading.

The results of these

calculations are then returned to FAST to compute structural (blade and tower)
response based on other input parameters [108, 137]. Additionally, AeroDyn contains
an important model for dynamic stall based on the semi-empirical Beddoes-Leishman
model, which is particularly important for yawing wind turbines like Aerogenesis.
When called by FAST, the AeroDyn routines calculate forces and moments on various
sections of the blades and other defined structural components of the turbine system.
Since v5.0 (2005), FAST has incorporated a lateral offset and skew angle of the rotor
shaft, rotor-furling, tail-furling, and tail inertia and aerodynamics, which support the
analysis of most small wind turbine configurations [138]. This study used FAST v7.0.
FAST utilises two types of input text files, as shown in Figure 5.1, to describe the
operating, structural and aerodynamic parameters and to calculate the turbine’s
response. The primary file ’∗. f st’ is used to execute FAST and describes the structural
and operational state of the turbine, and designates the simulation conditions. The
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Figure 5.1: Input and output file structure of 5kW Aerogenesis FAST model

primary file has the parameters related to turbine geometry, operating parameters and
simulation control. FAST contains several output channels, which can be chosen in the
primary file to retrieve loading and response measurements derived from the
simulation. The users can choose these output parameters at the end of the file to
evaluate the desired turbine statistics.

This primary file references with other

‘secondary input files’ that describe the aerodynamic and structural parameters related
to blade, tower, tailfin, furling and other turbine components as modelled. The primary
input file in FAST includes a subroutine of the AeroDyn input file that incorporates the
(AeroDyn readable) hub-height wind-time histories (∗.hh) or full-field (FF) turbulent
files (∗.bts) obtained from TurbSim, and aerodynamic parameters that are read from
separate files. AeroDyn also has the capability to read full-field multi-point turbulent
wind files of different formats.
In addition to the FF turbulent files, the structural components of Aerogenesis that are
supplied to AeroDyn are the blade airfoil data, delta wing tailfin and tower. These
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secondary files are structured in FAST and its sub-routine as shown in Figure 5.1 and are
used to initiate the aerodynamic properties for the simulation based on the inlet wind
time series and supplied airfoil, tower and tailfin properties. The secondary input files
can be produced by using other functions like PreComp, BModes, TurbSim, AirfoilPreps
developed by NREL1 . Other parameters used for input include the inertia of the rotor,
drivetrain inertia, and inertia of the generator. The net mass and inertia of the nacelle
about the tower axis are also used as input in determining yaw behaviour due to the
tailfin aerodynamic response. At the end of the simulation, FAST executes an output file
that contains operational and performance data based on the chosen output parameters,
for the set analysis period and time step.
With a rated wind speed of 10.5 m/s and cut-in wind speed of 3.5 m/s, the Aerogenesis
machine is a two-bladed horizontal axis wind turbine (HAWT) installed on an octagonal
monopole within the campus grounds of The University of Newcastle with a hub height
of 18 m. The rated rotational speed (rpm) is 320 rpm, which yields a tip speed ratio of
λ TSR = 8. The turbine was developed nominally as a Class III turbine with respect to the
IEC design standard, which specifies an average hub-height wind speed of Vave = 7.5 m/s,
a design wind speed of Vdesign = 10.5 m/s, and a characteristic turbulence intensity (TI at
15 m/s) of I15 = 18%. This two-bladed turbine has a passive yaw control system using a
delta-wing tail fin. The blades have a constant SD7062 airfoil profile along their span, a
nominal length of 2.5 m and are constructed of glass fibre reinforced polymer (GFRP).
The fibre reinforced polymers give high stiffness, high stiffness to density ratio and good
fracture toughness [124]. Both blades of the Aerogenesis consist of the SD7062 airfoil
section across the entire axial length, with relatively high thickness of 14% to account
for larger bending moments occurring towards the blade root. The airfoil was purposedesigned for small wind turbines operating with low Reynolds number.
The key features of Aerogenesis are summarized in Table 5.1. Blade, tailfin and tower
data are all used in the input to the FAST software, to model the structural aspects of
the turbine and account for aerodynamic effects. Turbine dynamics related to yaw
1 NREL

NWTC Information Portal.

https://nwtc.nrel.gov/wind-and-water-tools/

preprocessors (Accessed: 11 July, 2019)
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Table 5.1: Specifications of Aerogenesis 5 kW HAWT
Aerogenesis IEC Class III HAWT
No. of blades (B)

2 × 2.5 m, GFRP

Cut-in wind speed (Vcut−in )

3.5 m/s

Design wind speed (Vdesign )

10.5 m/s

Average wind speed (Vave )

7.5 m/s

Rotational speed (rpm)

320 rpm

Rated power (P)

5 kW

Hub-height (HH)

18 m

Design TSR

8

misalignment, tail fin effects, generator performance, and tower motions are also
included in the FAST model along with other key turbine parameters including rotor
inertia, nacelle inertia, rotor overhang and tail fin boom length. Full description of this
publically available FAST model can be found in [129].
There are some limitations of the FAST model of the Aerogenesis turbine. The physical
turbine has a self-excited induction generator (SEIG) and a controller that implements a
maximum power point tracking (MPPT) control algorithm and permits variable speed
operation. This enables the driveshaft, and hence, the generator, to operate across a
range of rotor speeds. This, in theory, enables optimum power extraction of the turbine
by keeping the TSR at or close to its design value across the range of wind speeds.
Further, the physical Aerogenesis turbine does not have blade pitch control, turbine is
provided with a braking mechanism to prevent the generator from going beyond its
rated power. FAST does not natively support the use of a SEIG and associated MPPT
variable speed control. A Simulink interface can allow for the blade pitch control, yaw
control and variable speed control.

The current study does not employ Simulink

interface to include the effects of the SEIG and MPPT. A braking mechanism, for the
generator to limit the power output, is also not included in the FAST model, and hence
the output power of the turbine in the simulation can reach beyond its design value at
higher wind speeds. The limitations of this model are discussed further in Chapter 8.
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5.3

Full-field wind time series from the measured wind sets
using TurbSim

The aeroelastic simulation of the turbine was based on the input wind fields selected
from the measured data sets for both the sites. Since the measured data sets from both
the sites are single-point measurements and FAST requires three-dimensional full-field
wind data as input, the one-point measurements need to be converted to
three-dimensional wind fields for FAST. These ‘full-field’ input wind files are generated
from the single-point measured wind sets using TurbSim v2.00 [109]. TurbSim is an
open-source stochastic, full-field turbulence simulator, also distributed by NREL for the
simulation of turbulent wind flow fields.

It numerically simulates time series of

three-dimensional velocity vectors at points in a vertical rectangular grid that is fixed in
space. The computed wind is aligned with the direction of the mean velocity vector at
each point in space and these velocities are rotated to the inertial frame of the reference
coordinate system before they are written to output files. The output of TurbSim can be
then used as input into AeroDyn based codes such as FAST to compute the aeroelastic
calculations.
A full-field wind file contains time series of the three wind components at each grid
point as depicted in Figure 5.2. TurbSim 2.0 is unique in that it has the capability to
directly accept the wind time series data sets, using the ‘TIMESR’ turbulence model, and
generate a binary full-field (FF) time series in a format designed to be read by AeroDyn.
For a given grid size, full-field three-dimensional wind data in TurbSim format (∗.bts), is
generated from a single point measured wind datasets, which is said to give a maximum
resolution in two-byte integers within a single file. The data points for the tower extends
from the bottom of the grid to the ground in a single line at the tower centreline using the
same vertical resolution as the rest of the full-field grid, (See Figure 5.2). When choosing
to output in binary format (∗.bts), the tower points are normalized and stored as 2-byte
integers along with the FF grid data in the same ‘.bts’ file without requiring to generate
a separate ‘.twr’ file.
The wind field used by AeroDyn and FAST is in the inertial coordinate system, as
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Figure 5.2: Coordinates of TurbSim wind field. Figure2 not to scale.

depicted by the green U-V-W components in Figure 5.2. TurbSim computes wind in the
coordinate system aligned with the direction of the mean velocity vector at each point
in space as shown in red in Figure 5.2. These velocities are realigned to the inertial
frame coordinate system (green wind components) before they are written to the output
file. Such FF wind sets are then used as input in FAST’s AeroDyn sub-routine to
simulate the performance of the turbine.

AeroDyn assumes the wind field as a

‘frozen-turbulence field’ based on Taylor’s frozen hypothesis and ‘marches’ (advances)
this field along the positive U-axis.
2 3D

CAD model of Aerogenesis adapted from Evans, S.P. [129]
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To simulate the performance and loading of the turbine based on the measured wind
fields, selected wind data records at three different wind speed bins were converted into
full-field data. These data records were selected from the wind speed bins of 4-5 m/s,
7-8 m/s and 10-11 m/s, from both PK and OG sites. The cut-in wind speed for the
Aerogenesis turbine is 3.5 m/s and thus wind data records that lie between 4-5 m/s bin
were used to evaluate the turbine’s performance at lower wind speeds. The average
design wind speed for a class III turbine like the Aerogenesis is 7.5 m/s and thus wind
data records that lie between 7-8 m/s were selected to assess the operation of the turbine
due to the average winds in the type of sites that it has been designed for. Finally, the
rated wind speed of the Aerogenesis turbine (when the turbine output reaches 5 kW) is
10.5 m/s and thus wind data records in the wind of 10-11 m/s were selected to assess
the operation of the turbine at rated wind speeds. Note that the number of the tenminute records higher than 11 m/s at the PK site were sparse (refer Figure 5.3) and so
the performance of the turbine at higher wind speeds could not be evaluated at any
higher bins than the 10-11 m/s bin.

7
PK measured
IEC 90th percentile fit
PK 99th percentile fit
PK 90th percentile fit

6

[ (10-min) m/s]

5
4
3
2
1
0

0

2

4

6

8

10

12

14

16

18

20

22

[U(10-min) m/s]

Figure 5.3: Selected typical and non-typical ten-minute records at three wind speed bins
from PK data set
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Figure 5.4: Selected typical and non-typical ten-minute records at three wind speed bins
from OG data set

From each wind speed bin, four sets of ‘typical’ ten-minute records and four sets of ‘nontypical’ ten-minute records were selected for both the PK and OG sites, as shown in
Figure 5.3 and Figure 5.4 respectively. The typical data sets are those ten-minute records
that lie along the 90th percentile fit line of the measured data while the non-typical sets
are those that have higher standard deviations and lie beyond the 99th percentile fit line
of the measured data. As discussed in Section 2.5, the non-typical wind data sets at the
extremes of the statistical distribution and have been defined in this study as being above
the 99th percentile. Many data sets beyond 99th percentile fit line are available at PK site
in both the 4-5 m/s and 7-8 m/s bins. Since, the number of the ten-minute records in
the 10-11 m/s bin are scarce, the number of the data sets beyond the 99th percentile line
is also scant. For the OG site, the majority of the data sets do not have high standard
deviations and thus there are relatively fewer non-typical wind sets at all the bins than
those at the PK site.
It must be noted that the data measurement heights at the two sites and the hub height
of Aerogenesis are different. The PK site has single-point data measurement at a single
height of 14.44 m. The OG site has measurements at multiple heights, the closest in the
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height above ground level to the PK site being 17 m. Before feeding the time series to
TurbSim to generate a FF wind sets, each of the selected single-point measured wind
data sets are extrapolated from their respective data measurement heights to the hub
height of the turbine (18 m), by applying the power law. The power law represents a
simple model for the vertical wind speed profile in the form of Equation 5.1
 α
Uz
z
=
Uzr
zr

(5.1)

where Uz is the wind speed at height z, Uzr is the reference wind speed at height zr and α
is the power law exponent. Based on the type of terrain of the two sites [139–141], power
law exponent, α= 0.3 is chosen for industrial/commercial site at PK and α= 0.1 for near
shore site at OG. The choice of the exponent often depends on the references, however a
sensitivity analysis to look at how the choice of exponent affect the study is beyond the
scope of this thesis. The chosen values of wind shear exponents are used to extrapolate
the PK wind sets from 14.44 m to 18 m and the OG wind sets from 17 m to 18 m.
To generate a FF wind file using the ‘TIMESR’ turbulence model with the selected singlepoint measured wind time series, TurbSim requires an additional input file that contains
time series data of extrapolated longitudinal, lateral and vertical wind components, data
measurement height, number of time series points, etc. An example of such a file is
shown in Figure 5.5. TurbSim’s primary file references this user-defined file to simulate
the wind field by using the ‘TIMESR’ turbulence model. The primary file also defines
the choice of output full-field time series data, analysis time, time steps and other IEC
meteorological and non-IEC meteorological boundary conditions.
When feeding the single-point wind data into TurbSim, the data has to be prepared such
that each wind velocity in a ten-minute record is rotated to the mean wind direction of
the record and the horizontal and the vertical mean flow angles are aligned with the
inertial coordinate frame. In doing so, the time series of the wind speed at a point at
the hub-height in the simulated FF data set gives exactly the same time series as the
single point that is input into the TurbSim’s additional file prior to the simulation. As
the measured data sets are sampled at 10 Hz and an averaging period of ten- minute is
applied to the wind sets, the time step of 0.1 s and the total analysis time of 600 s are
used. This is done to maintain consistency of the sampling rate and simulation duration
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Figure 5.5: User-defined time series input file in TurbSim v2.0

from FAST with the measured/chosen input wind set for each wind case, and also to
avert any possible interpolation errors would have been introduced by trying to obtain
output data from FAST that was of a higher resolution that the input data. Thus, twentyfour wind data sets (four typical and four non-typical records from 3 wind speed bins)
from each site are chosen to produce the FF wind data. The mean wind speeds and their
corresponding longitudinal standard deviations at the selected bins for both the sites are
listed in Table 5.2. Detailed tables with mean wind speeds, their corresponding standard
deviations and longitudinal turbulence intensities at the extrapolated hub-height are
provided in Appendix A.
Three full-field wind data sets are also produced with TurbSim using the IEC Kaimal
turbulence model at each wind bins; 4.5 m/s (at 32.0% TI), 7.5 m/s (at 24% TI) and
10.5 m/s (at 20.57% TI), to match the turbulence conditions of the IEC standard and
to benchmark the measured wind flow fields against the standard. This requires the
turbulence model in TurbSim to be set to IECKAI and the number of IEC standard set to
23 for small wind turbines. The respective values of the turbulence intensities at given
wind speeds are then specified in accordance with the NTM.
3 IEC

61400-x standard (x=1, 2, or 3)
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Table 5.2:

Selected mean values for typical and non-typical wind cases,their

corresponding standard deviation and TIu for PK, OG and IEC wind cases
extrapolated values at HH=18 m

OG non-typical

OG typical

PK non-typical

PK typical

4-5 m/s

IEC

7-8 m/s

10-11 m/s

U

σu

TIu

U

σu

TIu

U

σu

TIu

4.36

1.47

33.73

7.58

2.19

28.95

10.95

2.82

25.78

4.37

1.46

33.54

7.70

2.23

28.96

11.09

2.83

25.56

4.53

1.53

33.82

7.89

2.26

28.71

11.06

2.92

26.32

4.70

1.59

33.90

7.89

2.23

28.26

11.18

2.97

26.55

4.32

2.88

66.57

7.77

2.92

37.63

10.62

3.16

29.78

4.78

3.45

72.20

7.81

2.96

37.86

10.77

3.41

31.63

4.90

2.94

59.89

7.85

2.64

33.66

10.88

3.22

29.62

5.02

2.84

56.66

7.93

2.68

33.79

10.89

3.36

30.81

4.03

0.57

14.05

7.18

0.96

13.37

10.59

1.34

12.67

4.24

0.59

14.00

7.36

0.99

13.46

10.61

1.34

12.60

4.43

0.59

13.27

7.76

1.03

13.28

10.66

1.35

12.66

4.56

0.63

13.84

7.83

1.04

13.26

10.70

1.40

13.08

4.12

2.13

51.82

7.06

1.57

22.22

10.38

1.67

16.11

4.42

1.10

24.94

7.29

1.63

22.37

10.58

1.53

14.54

4.71

1.12

23.85

7.54

1.32

17.71

10.87

1.75

16.12

4.87

1.32

27.08

7.88

1.37

17.32

11.04

1.87

16.92

4.5

1.39

30.95

7.5

1.79

23.92

10.5

2.17

20.72

Figure 5.6 shows a comparison between the full-field wind sets generated by TurbSim,
from IEC Kaimal model as well as from the PK and OG, for the 7-8 m/s bin. The
longitudinal wind component for the IEC Kaimal, PK and OG wind fields are shown in
the volumetric plot for the chosen grid size of 12 m × 12 m, 19 × 19 points, and
simulation duration of ten minutes at 0.1s time intervals. The u-component of the
turbulent field is depicted by each slice along the time axis at each time step. A visual
inspection indicates that the PK wind has more temporal and spatial variations, while
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the OG wind field appears to have lower fluctuations in the wind field than the other
two.

Figure 5.6: Comparison between longitudinal velocity components in full-field wind
from (a) IEC Kaimal, (b) OG and (c) PK fields at 7-8 m/s wind bin. The time axis shows
the selected slice of FF wind for ten minutes at 0.1 s interval
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5m
18 m

12 m X 12 m, 19 x 19 points

Tower centreline

Figure 5.7: Rectangular grid and grid points on rotor and tower in TurbSim. Figure not
to scale.

109

The FF binary wind file produced from TurbSim has an allocated grid size and number
of grid points. The size of the grid and number of grid points are chosen as per the
TurbSim User’s Guide to generate full-field wind series for PK, OG and IEC wind
conditions. These parameters are contained in TurbSim’s primary input file. TurbSim
demands that the height and width of the grid be at least 10% larger than the rotor
diameter. The rotor is assumed to be centred horizontally on the grid and no parts of
the blade should lie outside the grid. A grid size of 12 m × 12 m is chosen, which is
large enough to encompass the rotor disk of Aerogenesis and allows for possible
significant displacements. The number of grid points in the TurbSim flow field, within
the grid size, specifies the grid resolution in both lateral and vertical directions (Y and Z
coordinates) when generating the full-field wind series. NumGrid_Y and NumGrid_Z
are set with appropriate integer values to achieve the maximum grid resolution in
horizontal and vertical directions, respectively, as depicted in Figure 5.7.
In order to optimize the choice of the number of grid points, a grid sensitivity test was
run for the value of longitudinal turbulence intensity using the IEC wind cases at the
three wind speeds using the corresponding value of TIu from the NTM. The value of
turbulence intensity from the NTM are 32% (at 4.5 m/s), 24% (at 7.5 m/s) and 20.57% (at
10.5 m/s). As shown in Table 5.3, the number of grid points are varied in each simulation
in TurbSim to achieve the nearest value of TI at given wind speed. For a grid size of 12
m × 12 m, 19 × 19 grid points gave the best results for all the three wind speeds, which
was then used to generate full-field wind data using a random seed number. Note that
all FF wind sets for the PK, OG and IEC wind fields were generated using the same seed
number. Altogether, 51 simulations (24 for PK cases, 24 for OG cases plus 3 for the IEC
cases) were undertaken to compare the performance and loading of the turbine for the
measured and IEC standard inflow wind conditions.
The performance of a wind turbine is generally evaluated in terms of, but not limited
to, its power, torque, and thrust. The output power of the turbine indicates the amount
of wind energy captured and converted to electrical output, the torque magnitudes are
important in defining the size of the gearbox and required matching generator, and the
thrust magnitudes influence the structural design of the blades and tower. The ten110

Table 5.3: Grid sensitivity test for simulated wind field in TurbSim
Wind speed

Grid size

Grid points

Simulated TIu

TIu from NTM

(m/s)

(m)

(-)

(%)

(%)

12 × 12

13 × 13

26.34

12 × 12

17 × 17

28.62

12 × 12

19 × 19

30.95

12 × 12

21 × 21

28.22

12 × 12

23 × 23

27.78

12 × 12

13 × 13

21.21

12 × 12

17 × 17

22.12

12 × 12

19 × 19

23.92

12 × 12

21 × 21

22.25

12 × 12

23 × 23

21.90

12 × 12

13 × 13

18.84

12 × 12

17 × 17

19.24

12 × 12

19 × 19

20.72

12 × 12

21 × 21

19.54

12 × 12

23 × 23

19.29

4-5

7-8

10-11

32.00

24.00

20.57

minute statistics of these parameters and other parameters of interest are output from
FAST at 10 Hz and post-processed in a custom Matlab script to evaluate and compare
different performance and loading scenarios of the turbine, through mean, maximum
and ± 1 standard deviation of the statistics, for each inflow wind field at each wind speed
bin. In particular, the blade root flapwise bending moment (FBM) data obtained from
FAST was used in the evaluation of the damage equivalent load (DEL) of the turbine
blade. This is detailed in Chapter 6.
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5.4

Chapter summary and remarks

This chapter focussed on the technicalities and methodology for the aeroelastic
simulation of a SWT. For the simulation, a numerical model of the 5 kW HAWT,
Aerogenesis, was used in the aeroelastic code, FAST. The file structure and the analysis
procedure with FAST were discussed to obtain the aerodynamic performance and loads
of the turbine. The simulation of the turbine performance in FAST was based on
selected wind conditions from the measured datasets from the two locations. FAST
requires 3-D full-field wind data as an input to simulate the performance of the turbine.
The single-point measured datasets were converted into full-field wind sets using
TurbSim. Details on how the full-field data sets were generated from the measured
datasets from the PK and OG sites were presented. Additionally, wind fields using the
IEC Kaimal turbulence model were also generated with TurbSim and used in FAST to
evaluate the performance of the turbine with the IEC wind conditions.

A grid

sensitivity test was also carried out to ascertain the optimal grid size and number of
grid points in TurbSim to produce the FF wind data.

112

Chapter 6

Results and discussion on the impact
of wind speed and turbulence on the
operation and fatigue loading of a
HAWT
6.1

Overview

For a given location, wind time series over a considered period of time can be
decomposed as its mean speed value and random fluctuations around it. The frequency
and magnitude of fluctuations occurring within a wind field is triggered by various
factors like site’s terrain, atmospheric instability, surface roughness, etc. The larger the
fluctuation values, the more turbulent the wind field becomes.

The strength of

turbulence in the wind during the time span ∆t is expressed in terms of the turbulence
intensity. The measure of turbulence intensities of the wind field indicates the level of
variability in the wind, both in speed and magnitude. The current IEC 61400-2 standard
for small wind turbines has the characteristic values of the turbulence intensities at
given wind speeds defined for different classes of wind turbines. Turbines operating in
sites having higher turbulence intensity values can affect the turbine performance-wise
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as well as structure-wise. Thus, proper quantification of turbulence in the wind field
and the assessment of its impact on the turbine components are necessary to assure its
safe and reliable operation.

6.2

Chapter introduction

In this chapter, results obtained from the one-point statistical analysis of the measured
data sets and aeroelastic simulation of a 5 kW HAWT are presented. The measured
data sets from Port Kennedy, (built environment site) and Östergarnsholm, (open terrain
site) are analyzed for turbulence using the one-point statistical method, as discussed in
Chapter 4. The selected measured data from both the sites are then used as input in the
aeroelastic code, FAST, to investigate the impact of turbulence and wind speed on the
performance and loading on a 5 kW Aerogenesis HAWT. The FAST output are evaluated
for the turbine’s aerodynamic power, rotor loads and blade fatigue loads following the
methodology detailed in Chapter 4. This results in this chapter largely focusses on the
influence of terrain feature on wind speed and turbulence. The results obtained from the
aeroelastic simulation of the SWT focus on the impact of the different wind field on the
performance and fatigue loads of the turbine. The obtained results are benchmarked
against the IEC 61400-2 standard to gauge the deviations in the measured data and
understand the suitability of the standard for different terrains.

6.3

Results from analysis of one-point statistics

In order to compare and classify the turbulence levels in different terrain, wind
conditions at Port Kennedy, (PK) and Östergarnsholm, (OG) will now be compared
with the wind model in the IEC 61400-2 standard. As mentioned in Chapter 4, both the
sites have wind data captured for a period of 6 months and sampled at 10 Hz. To
address the gap in the literature, this study aims to provide a more comprehensive
inspection on the impact of wind speed and turbulence on SWT performance, in terms
of aerodynamic operation and performance of the turbine’s rotor and mechanical
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loading on the rotor blades. This chapter expands on the author’s published work [142]
by looking at a wider range of wind speed and turbulence scenarios and comparing
small wind turbine (SWT) performance and loading between a built environment and
an open terrain site. To the best of the author’s knowledge, no other research has
considered measured wind data from two contrasting locations together and compared
the statistics of the datasets with the IEC standard to measure the deviations.
Figure 6.1 and Figure 6.2 give, in succinct graphical format, an idea of how wind speed
and direction are distributed at Port Kennedy (PK) and Östergarnsholm (OG)
respectively. The wind roses at both the sites show the frequency and magnitude of
wind blowing from particular directions. For PK, wind data flows from the S-E 40% of
the time, making it the prevalent wind directions (refer Figure 6.1). 35% of the winds
blowing from this direction have a mean value up to 5 m/s and the rest of the winds
have a mean value between 5-10 m/s. Strong winds having magnitudes higher than 10
m/s tend to blow only from the West are an insignificant portion, about 1% of the total

Wind Speeds in m/s
WS 6 25
20 5 WS < 25
15 5 WS < 20
10 5 WS < 15
5 5 WS < 10
0 5 WS < 5

Wind Rose at Port Kennedy
N (0°)

7%
5.6%
4.2%
2.8%
1.4%
0%

W (270°)

E (90°)

S (180°)

Figure 6.1: Wind intensity and wind frequency distribution of mean wind speed at Port
Kennedy
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S (180°)

Figure 6.2: Wind intensity and wind frequency distribution of mean wind speed at
Östergarnsholm

winds. Winds from S-W make up to 32% of the total winds and 20% of these winds
have a mean value of 5-10 m/s. In general, around 70% of winds at PK have a mean
value of 0-5 m/s and 28% have a mean of 5-10 m/s, which makes it a low annual mean
wind speed site. Winds with mean values more than 10 m/s comprise of less than 2%
of total wind, which is reflected in Figure 6.3 where there are sparse ten-minute records
beyond 10 m/s bin.
As seen in Figure 6.2, OG site has about half of the winds with a mean speed of 5-10 m/s
coming from all the directions, except from the fourth quadrant between S and E, which
is very sparse. Around 24% of the total winds at OG come from S-SW sectors. 13% of
the winds in S-SW sector have mean 5-10 m/s and 4% of the winds with mean of 10-15
m/s blow from this sector. Considering all wind directions, the OG site receives 2% of
wind having means of 15-20 m/s with a few events up to 25 m/s from all the directions.
34% of the winds blowing at OG have mean wind between 0-5 m/s and 50% with 5-10
m/s. It must be noted that wind data at OG between 315° and 80° are discounted from
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the analysis to avert the flow distortion due to the influence of the met mast. In Figure
6.2, wind blowing from NW and ENE directions resulting in the wind coming from the
northern sea-side are not participating in the analysis.
Using the ten-minute averaged period, Figure 6.3 and Figure 6.4 show scatter plots of
the standard deviation of longitudinal wind speed versus mean wind speed at PK and
OG. The longitudinal wind speed is the component of wind speed in the direction of the
mean wind direction for the ten-minute period and is a characteristic parameter used by
the IEC 61400-2 standard. For both the sites, a linear fit to the 90th percentile values of the
standard deviation distributions of the ten-minute records obtained from the measured
datasets is computed using Equation 4.1 and compared with the IEC’s NTM standard
line corresponding to IEC’s turbulence class ‘A’, which is also calculated using the 90th
percentile values as per Equation 4.2 as seen in Chapter 4.
From Figure 6.3, the PK site has a majority of mean wind speeds lying below 12 m/s.
Beyond this bin, up until around 14 m/s, there are only a few ten-minute records have
wind speeds until 14 m/s. When compared with the longitudinal standard deviation
trend specified by the standard, much of the measured data, especially at higher wind
speeds, exceed the standard. The IEC standard overestimates the measured data from
the PK site at lower wind speeds, until 4.5 m/s and underestimates the data at higher
wind speeds (> 4.5 m/s). Additionally, it is also evident from the scatter plot that,
across all wind speed bins, the PK wind data contain many records having longitudinal
standard deviation above the 90th percentile. A 99th percentile fit line is also added in
the plot to give a visual idea of the presence of a number of mean wind speeds having
these higher standard deviations. The 99th percentile fit line of the measured data is
calculated by modifying Equation 4.1 in Chapter 4 as:
σu,99pc = σ̄ + 2.33σσ

(6.1)

Despite having relatively low wind speeds, the PK wind set has a significant number of
ten-minute records with relatively higher standard deviations than the standard, which
agrees with the literature that states that the wind field in such built environments is nonuniform and has higher variability in wind, both in terms of magnitude and direction.
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Figure 6.3: Longitudinal standard deviation with respect to mean wind speed at Port
Kennedy and IEC NTM
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Figure 6.4: Longitudinal standard deviation with respect to mean wind speed at
Östergarnsholm and IEC NTM
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The high value of σu within a ten-minute record can either be due to the high fluctuation
in the magnitude and/ or direction of wind flow right across the ten-minute period or
can be the due result of some sudden events causing high wind fluctuations or sudden
swing (change in direction) of the wind. Such higher standard deviations of mean wind
speed can be due to high variability of the wind in both magnitude and direction or the
occurrence of any instantaneous swing in the wind.
In contrast to the scatter plot from the PK site, the OG site scatter plot has mean wind
speeds ranging up to around 20-22 m/s. Unlike at the PK site, the OG site has a
noticeable number of ten-minute records in the range of 11-20 m/s and still a few data
points in the range of 20-22 m/s seen as in Figure 6.4. When compared with the 90th
percentile fit from the IEC standard, the measured 90th percentile fit line is distinctly
below the IEC line for all the wind speeds. The wind conditions in the open terrain site
conform, in the main, to the threshold of the standard with only around 15 ten-minute
records lying above the IEC line from the NTM. Further, the 99th percentile fit line from
the measured data is also well below the IEC line. Comparing the data above the 99th
percentile line for Figure 6.3 and Figure 6.4, it is evident that there are much greater
standard deviations occurring at the PK site compared to the OG site.
The turbulence levels at both the sites are plotted against mean wind speed and
compared with IEC wind case in Figure 6.5(a) and Figure 6.5(b) in terms of the
longitudinal standard deviation and longitudinal turbulence intensity, respectively. A
clear discrepancy can be seen in both the plots where the standard’s NTM, in general,
underestimates the turbulence levels at the PK site whereas the OG wind field has
lower turbulence levels than that set by the standard.

The standard defines a

characteristic longitudinal turbulence intensity of 18% at the hub height wind speed of
15 m/s. The characteristic turbulence intensity at 15 m/s for PK is 24% and 12% for OG
compared to 18% from the IEC standard, as seen in Figure 6.5(b), showing the value for
the built environment site exceeds the IEC’s NTM value. Readers should note that the
value of this characteristic turbulence intensity in the IEC standard is estimated
assuming a Gaussian distribution of the wind fluctuations, which may not be
necessarily true for such complex sites as the PK site. It is evident from Figure 6.3 and
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Figure 6.5: (a) 90th percentile fit of longitudinal standard deviation and (b) longitudinal
turbulence intensity (TIu ) of Port Kennedy and Östergarnsholm compared with IEC’s
NTM

Figure 6.5 that low mean wind speeds and higher turbulence levels are characteristic
features of built environment wind conditions. It is also evident from the literature that
the NTM has underestimated turbulence in complex terrains in which many small
wind turbines are sited. The actual turbulence at the PK site deviates significantly in
both intensity and shape from that estimated by the NTM. Such turbulent wind fields
can have a significant impact on both power performance and fatigue loads of turbine
components.
The second phase of the analysis uses an aeroelastic code to assess the effect of such
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wind conditions on the power output and fatigue loads of the turbine. For this analysis,
a FAST model of a 5 kW Aerogenesis HAWT was used. For the aeroelastic simulation,
ten-minute wind records, four typical and four non-typical, were chosen from each of
three wind speed bins, from both the sites, as indicated in Figure 5.3 and 5.4 of Chapter
5, for the FAST simulations.

The values of the chosen mean wind speeds, their

corresponding longitudinal standard deviation, and longitudinal turbulence intensities
are also presented in Table 5.2 of Chapter 5.

The selected wind sets have been

extrapolated to the hub height of the Aerogenesis turbine from their respective data
measurement heights.

The wind sets are sent to TurbSim for extrapolation and

generation of full-field wind time series, which then FAST utilizes for aeroelastic
simulation, as discussed in Chapter 5.

6.4

Results and Discussion

The results obtained from the FAST simulations and their interpretation are presented
and discussed in this section. The key parameters of interest from the FAST output for
this study are aerodynamic power, rotor torque, rotor thrust, and blade flapwise bending
moment (FBM). A separate calculation from the FAST output showed that the edgewise
bending moment (EBM) are 6 - 16 times smaller than the flapwise loads at the given wind
speed bins. The blade root FBM is considered to dominate the loading behaviour of the
turbine blades and thus the blade EBM is not included as a key parameter. FAST was
configured to output values for these parameters at 10 Hz for a period of ten minutes.
The mean values were calculated for these parameters for both the typical and nontypical wind speed datasets from the PK and OG sites at all three wind speed bins, and
compared with the FAST predictions based on inflow wind simulated using the IEC
Kaimal model.

6.4.1

Wind turbulence and power performance of the turbine

Figure 6.6 compares the simulated longitudinal turbulence intensities of the selected tenminute wind sets from the PK and OG sites with the IEC wind at 4-5 m/s, 7-8 m/s and
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Figure 6.6: Simulated longitudinal turbulence intensity for the selected PK and OG sites
compared to the IEC Kaimal case

10-11 m/s. Compared to the IEC wind cases, the PK wind sets have higher turbulence
intensities for each wind speed bins. Further, within the PK wind sets, the non-typical
wind sets exhibited higher turbulence intensity than the typical sets for each bin as the
selected non-typical cases have higher standard deviations. With the increasing wind
speed, the level of turbulence intensity decreases for all plotted data yet the PK datasets
are always higher than the values estimated by the IEC standard at all the three bins.
The level of turbulence intensity for the OG wind cases are generally lower than the
IEC estimates, with both typical and non-typical wind sets at all three bins conforming
well with the turbulence intensity trend in Figure 6.5. Note that, for both the sites, the
difference of longitudinal turbulence intensities between non-typical and typical wind
datasets also decreases with increasing wind speed due to the reduction in the number
of extreme wind speeds in the chosen bins for higher wind speeds, as shown in Figure 6.3
and Figure 6.4. Figure 6.3 suggests that this result may be just an artefact of the chosen
wind speed bins and if other wind bins were chosen, for instance bins at 5-6 m/s, 8-9
m/s and 11-12 m/s, then the difference between non-typical and typical TIu may not
vary as much with wind speed. However, on the evidence of Figure 6.3 and Figure 6.4
122

Table 6.1: Maximum longitudinal turbulence values for typical and non-typical cases at
PK and OG compared with values from IEC Kaimal at three wind speed bins
Longitudinal turbulence intensity*, (%)

Wind speed bin
(m/s)

IEC Kaimal

4-5

32.00

7-8

24.00

10-11

20.57

PK

OG

Typical

33.90

14.00

Non-typical

72.20

51.80

Typical

29.00

13.50

Non-typical

37.90

22.40

Typical

25.80

13.00

Non-typical

30.80

16.90

*Max TIu among set of four ten-minute wind records in each bin

together, as well as the trends in Figure 6.5, it is likely that as wind speed increases, the
wind is more uniform and the number and the magnitude of extreme events decrease.
The maximum values of the longitudinal turbulence intensity amongst the four typical
cases and four non-typical cases, for each bin at both the sites, are listed in Table 6.1 and
compared with the values from the IEC wind cases at the respective wind speed bins.
Figure 6.7 compares the rotor power output of the turbine for the typical and non-typical
wind events for the PK, OG and IEC cases at the three different wind speed bins of 4-5
m/s, 7-8 m/s and 10-11 m/s. The output power values with IEC cases refer to the power
output of the turbine due to IEC Kaimal turbulent spectra as mentioned in the standard
IEC 61400-2. Table 6.2 lists out the maximum values of mean rotor power output out of
each of the four typical and four non-typical cases, each, for both the sites at the chosen
wind speed bins with the IEC values presented for comparison. Readers should note
that, at the 10-11 m/s bin, the predicted mean rotor power exceeds the rated electrical
power output of the Aerogenesis turbine (5 kW) at 10-11 m/s bin. This discrepancy
is due to the limitation that the physical turbine braking mechanism, which activates
during the event that generation exceeds 5 kW, is not modelled in FAST. Thus, at higher
wind speed, the turbine’s rotor output is seen to exceed its rated power due to the
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Figure 6.7: Mean aerodynamic rotor power for the measured typical and non-typical
cases at the PK and OG sites compared with IEC values

absence of an over-power control method in the aeroelastic code. The OG wind cases
produce rotor power values comparable to that of the IEC wind cases at selected wind
speed bins.
The maximum power output among the OG typical cases at 4-5 m/s is 491 W, which
is slightly less than IEC’s 514.3 W, a relative percentage difference of 4.5%. At the 78 m/s and 10-11 m/s bins, the mean rotor powers are slightly higher than the IEC
values- 2568.8 W and 6533.2 W versus the IEC’s 2372.3 W and 6240.6 W respectively; an
increment of 8.3% and 4.7% respectively. An increment in the mean rotor power of 29.4%,
15.1% and 13.9% can be seen with OG non-typical cases at the three bins respectively.
Since rotor power is related to the cube of the wind speed, the fluctuations above the
mean wind speed will contribute more to the mean rotor power than fluctuations below.
The fact that the non-typical cases in each bin produced slightly higher rotor power
than the typical windsets is thus likely because they have a slightly higher standard
deviation, meaning high fluctuations in wind speed. However, high standard deviation
is clearly not the only consideration. Amongst the non-typical cases, the 1st wind dataset
in the 4-5 m/s bin has a turbulence intensity of 51.8% with significantly high standard
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Table 6.2: Maximum rotor power for typical and non-typical cases at PK and OG
compared with values from IEC Kaimal at three wind speed bins
Rotor power output*, (W)

Wind speed bin
(m/s)

IEC Kaimal

4-5

514.30

7-8

2372.30

10-11

6240.60

PK

OG

Typical

616.60 (20%)

491.00 (-5%)

Non-typical

1146.00 (123%)

665.60 (29%)

Typical

2931.30 (24%)

2568.80 (8%)

Non-typical

3202.80 (35%)

2731.90 (19%)

Typical

7508.00 (20%)

6533.20 (5%)

Non-typical

6879.70 (10%)

7105.50 (14%)

*Max rotor power among set of four ten-minute wind records in each bin
Values in brackets show the percentage difference compared to IEC Kaimal at each bin

deviation yet the rotor mean power produced by this wind set is similar to those of the
less turbulent wind sets in the same bin due to the lower mean wind speed of this first
point. Comparing typical and non-typical cases for all OG wind cases in Figure 6.4 and
Figure 6.7, it can be seen that the mean rotor power, also, depends on mean wind speeds.
At the PK site, all the typical cases clearly produced more power than the IEC at
respective bins despite the fact that the wind speeds for all the typical cases are lower
than the IEC’s NTM mean wind speed values at each wind speed bin. Compared to the
IEC values, the PK typical cases produced 19.9%, 23.5% and 12.3% more mean rotor
power at each bin, respectively. This suggests that the higher turbulence intensity at the
PK site is influencing the rotor power. With the non-typical cases, the increase in the
mean rotor power is more prominent resulting in 122.9% and 35% increments in the
mean rotor power at the first two bins, respectively, and a 10.24% increase at the 10-11
m/s bin. In general, both the sites produced more rotor power with non-typical cases
than the typical ones; the higher value of the mean rotor power for both the sites are
due to the higher fluctuations in wind speed resulting in higher turbulence intensity.
Further, as the fluctuations in the PK wind sets are significantly higher and the values
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of turbulence intensity at the PK site are relatively higher than those at the OG site, the
power produced by the PK wind sets are also essentially higher. Appendix B presents
the values of mean wind speed and their corresponding standard deviations of the
chosen wind records from both the sites and IEC wind cases. The effect of larger
standard deviation due to wind fluctuations, on power output is particularly apparent
with the non-typical cases, as they produced more rotor power than the typical cases at
the respective bins.
From the analysis, it appears that rotor power is a function of both mean wind speed and
turbulence intensity. For the non-typical cases at the 4-5 m/s and 7-8 m/s bins at the
PK site, the output power is higher than the typical cases due to higher values of both
mean wind speed and turbulence intensity. For instance, the 2nd non-typical point in
the 4-5 m/s bin (U= 4.78 m/s, TIu = 72.2%) produced 1009 W, whereas the 4th typical
point (U= 4.70 m/s, TIu = 33.9%) has a similar wind speed but produces only 616 W, a
39% decrease. In contrast, in the same 4-5 m/s bin, PK’s 1st non-typical case (U= 4.32
m/s with TIu = 66.57%) produced 789 W, whereas the 3rd non-typical case (U= 4.90 m/s
with TIu = 59.9%) has a similar TIu yet is able to produce 1146 W (a 45% increase). In this
case, relatively smaller change in mean wind speed (approximately 14% increase) takes
priority over a change in turbulence intensity (approximately 10% decrease). At higher
wind speeds, the rotor power seems more sensitive to the value of turbulence intensity
where even a small difference in the value of turbulence can influence the output rotor
power. This is seen in the 7-8 m/s bin where the 3rd and 4th typical cases both have the
same one-point statistics (U= 7.89 m/s and TIu = 28%) and each produced 2930 W. In the
same bin, the 2nd and 3rd non-typical cases (U= 7.81 m/s and TIu =37.86%, U= 7.85 m/s
and TIu = 33.66%), although having slightly less mean wind speed than the previous two
typical cases (within 1% difference) produced (3150 W) around 100 W more rotor power
due to higher turbulence intensity than the typical cases (within 35% difference). Both
the non-typical cases discussed have higher standard deviation than the typical cases,
with more extreme events within the ten-minute records that carry more wind power
for the turbine to harness.
While the mean rotor power is enhanced by the increased turbulence at all the wind
126

speed bins, the values of power among the wind cases within each bin can differ due
to the values of the mean wind speed. This can be observed in the 10-11 m/s bin from
the PK site where the selected non-typical cases, lying beyond 99th percentile line, have
mean wind speeds lower than that of the typical cases in the same bin (Refer Appendix
A.2). Thus, the non-typical wind records at the PK site produced lesser output rotor
power than the typical records in this wind speed bin (refer Appendix B.2 and B.3).
Though the non-typical cases have higher standard deviation and thus higher turbulence
intensity, yet they are not able to boost rotor power as they do in other two lower bins
because the rotor power holds the cubic relation with mean wind speed. This explains
the observations from the 4-5 m/s bin at the PK site where mean rotor power was seen
to be most sensitive to changes in wind speed. The turbulence did enhance the output
power with non-typical cases for the 10-11 m/s bin but the influence was not enough to
exceed the power produced by the typical cases due to lower average wind speeds. If
the turbulence intensity values for two points is reasonably close, then the dominating
factor that influences the output power is wind speed. Having said that, the trends
from Figure 6.6 and Figure 6.7 suggest that increased turbulence in the wind field can
increase the aerodynamic power of the turbine to the same extent. This result supports
the findings of Lubitz [28] where the authors infer that increased turbulence intensity
enhances the turbine’s power output at lower wind speeds. The authors also concluded
that increased turbulence in wind at near- furling wind speeds have a negative effect on
the power. As all the three selected wind speed bins are within the operating range of the
turbine, the effect of increased turbulence on the turbine’s performance at near furling
speed could not be evaluated in this study.
Although elevated turbulence intensity at points for both the PK and OG sites does
appear to increase the aerodynamic power of the turbine up to rated power, it is expected
that, after rated power, it would be difficult for the physical turbine’s control system to
maintain the output power within such complex inlet wind conditions. With increasing
wind speed, there might be a negative effect of elevated turbulence on rotor power as the
turbine may not be able to cope with the highly turbulent oncoming wind and lose its
capability to efficiently extract the power from the complex and constantly fluctuating
wind field. A SWT operating in a turbulent wind field with large fluctuation, such as at
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PK, demands a robust control system to maintain the power output outside the design
tip speed ratio (TSR) value.

6.4.2

Wind turbulence and its effect on TSR and yaw rate of the turbine

The mean TSR at the three wind speed bins for the PK, OG and IEC Kaimal wind cases
are shown in Figure 6.8. For the wind speed bin of 7-8 m/s, the turbine is reasonably
close to its design TSR of λ TSR = 8 for all the wind cases from both PK and OG. The
deviation between the simulated TSR and the design value was approximately 1% and
10%, for the typical and non-typical cases respectively. The OG cases have a slightly
lower value than the design TSR value for both typical and non-typical cases. It should
be noted that the TSR with the IEC wind case at this bin is λ TSR = 7.8. For the 10-11
m/s bin, the IEC wind case has a TSR of λ TSR = 8.4, which is slightly higher than the
design value. The OG wind cases have similarly higher TSR for both typical and nontypical cases, around the IEC value but the PK wind cases resulted in 20% higher TSR
compared to the design value. Thus, for both 7-8 m/s and 10-11 m/s bins, the TSR values
for the PK wind cases are higher than the IEC values while the OG wind cases have the
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Figure 6.8: Mean TSR for the PK, OG and IEC wind cases
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TSR values comparable to that of the IEC case. The fact that the PK wind cases have up
to 10-20% higher TSR than the design value may indicate that a better control system
is required for the turbines operating in a complex site like PK in order to keep to the
design TSR values. At the lower wind speed bin of 4-5 m/s, the TSR values have greater
variance, particularly for the PK non-typical records.
From Figure 6.8, the maximum TSR value is λ TSR =9.6 for PK 4th typical case in 10-11 m/s
bin, which is 20% higher than the design TSR of λ TSR =8 at 7.5 m/s. In order to assess
the deviation of TSR from the design value, the L/D ratio of the airfoil is examined at
V=7.5 m/s, λ TSR =8.0 and V=11.04 m/s, λ TSR =9.6. The aerodynamic profile of the blade
of the Aerogenesis has SD7062 airfoil section across its entire axial length. Experimental
SD7062 aerofoil lift and drag polars are available for limited values of Re = 60,000 400,000 for a range of angle of attack, approximately α = -5° to 15° [143]. For SD7062
airfoil, the impact of Reynolds number is conspicuous in the 40,000 - 100,000 range. A
marked lift-and-drag-coefficient improvement can be seen for Re > 100,000 [144, 145].
In field, blade sees a relative wind velocity, W. Reynolds number of the flow can be
calculated as:
Re =

W.c
ν

(6.2)

where ν = 1.562 × 10−5 m2 /s is the kinematic viscosity of the air 25 ° C and c=130 mm
is the chord length of the Aerogenesis blade. Ignoring interference factors for an element
at spanwise station, r 0 ,
W 2 = V 2 + (Ωr 0 )2

(6.3)

For the tip speed ratio,
TSR =

Ωr
Ωr 0
r
=
× 0
V
V
r

From the interplay of equation 6.3 and equation 6.4,

2
r0
2
2
W = V 1 + TSR
r

(6.4)

(6.5)

The Renyolds number of the flow can be calculated by using the value of W from
Equation 6.5 in Equation 6.2. Assuming that the pitch angle remains the same, with the
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design TSR of λ TSR =8, the value of the Reynolds number is Re≈500,000 for V=7.5 m/s.
Computing this value at 11.4 m/s with TSR of λ TSR =9.6, Re≈1,000,000. The Cl vs Cd
curves follow similar trend for both the Re values as seen in Figure 6.9. The computed
values of the Reynolds number are seen to have moderate impact such that the lift and
drag plots remain essentially invariant. Even with 20% deviation in the TSR values, the
Cl /Cd ratio behave similar at both the wind speeds. A further investigation with
relevant analyses my be required to gauge if the severity of the deviation of TSR from
the design value depend on the lift-to-drag ratio of the airfoil.

Figure 6.9: Lift and drag polars1 for SD7062 airfoil at Re=500,000 and 1,000,000, Ncrit=5

1 SD7062

(14%) Xfoil prediction polar obtained from Airfoil tools. http://airfoiltools.com/

airfoil/details?airfoil=sd7062-il (Accessed: 19 February, 2020)
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Figure 6.10 illustrates the effect of increased wind fluctuations on the rotational speed
and TSR of the turbine. It should be noted that the wind speed in the y-axes come from
the longitudinal component of the measured wind records for the selected ten-minute
records while the rotational speed and wind direction are the corresponding simulated
values from the FAST output. Figure 6.10(a) and 6.10(b) compares the longitudinal wind
speed with the rotor speed and the wind direction of the 2nd typical (U= 4.37 m/s,
σu = 1.46 m/s) and 3rd non-typical records (U= 4.9 m/s, σu = 2.94 m/s) in the 4-5 m/s
bin at PK having a mean TSR of λ TSR = 11.98 and λ TSR = 12.51, respectively, which also
indicated in Figure 6.8 in the red boxes. The typical wind record has more uniform
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Figure 6.10: Time series of longitudinal wind speed vs RPM and wind direction for a
chosen typical case and a non-typical case from PK site (1st set) at 4-5 m/s bin
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refer Figure 6.10(c), hence there is not much variation in RPM. The non-typical case, on
the other hand, has a frequently changing wind speed and direction as seen in Figure
6.10(d). Despite having a frequent variability in winds, the non-typical case has a similar
TSR to that of the typical case. It is due to these larger fluctuations in wind speed and
direction in the more turbulence wind regime at the PK site that the non-typical wind
record exhibits a higher value of TSR. With the increase in wind velocity, the turbine
controller would increase the rotor rpm in order to maintain the design TSR. A drop in
wind speed, however, does not cause the turbine to drop in rpm immediately due to the
rotational inertia of the blades. In these cases, the rotor RPM would be high at times
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Figure 6.11: Time series of longitudinal wind speed vs RPM and wind direction for a
chosen typical case and a non-typical case from PK site (2nd set) at 4-5 m/s bin
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Figure 6.11(a) and 6.11(b) compare the time series of wind speed with the RPM and wind
direction of 4th typical case (U= 4.7 m/s, σu = 1.59 m/s) with TSR value of λ TSR = 11.05
and a 2nd non-typical case (U= 4.78 m/s, σu = 3.45 m/s) with low TSR of λ TSR = 6.9 at 4-5
m/s bin, as indicated in the black boxes in Figure 6.8. Compared to the typical case, the
non-typical PK wind record has larger short-term fluctuations in both wind speed and
direction. Note that this wind set has the highest longitudinal standard deviation (Refer
Appendix A.2). The non-typical case experiences erratic change in wind direction until
approximately 68 s as seen in Figure 6.11(d). The wind changes from around 5 m/s from
the South to 5 m/s from the North. Figure 6.11(b) shows that the RPM has some low
values during the first 68 seconds and the turbine only reaches the average rotational
speed for the 600 s period after about 150 s. These low RPM values for the first 150 s
resulted in decreased TSR values experienced by the turbine. It is possible that due to a
sudden change in wind speed and direction as seen in Figure 6.11(d) during the first 70 s
and last 50 s, the rotor is not able to track the oncoming wind at lower rotational speeds
that yields a low average TSR.
It is apparent from the plots of longitudinal wind against RPM and wind direction that
the changing wind magnitude and direction influences the RPM of the turbine as the
turbine controller endeavours to maintain its TSR value. When the wind experiences
sudden changes in both magnitude and direction, it is likely that the turbine struggles
to chase the wind and maintain its rotational speed, means that the turbine’s inertia
cannot accommodate the changes in rotational speed and yaw lag during the event of
frequently changing wind speed and direction. Given the limited number of ten-minute
records studied, it is difficult to draw firm conclusions about the performance of the
turbine based on Figure 6.10 and Figure 6.11. Very high or low values of the TSR could
be simply due to the instantaneous value of the wind speed. It is likely, however, that
the larger the fluctuations in wind speed and direction in the turbine inflow, the greater
is the difficulty that the turbine’s control system faces in maintaining the design TSR.
A SWT operating in a complex terrain where there is more likelihood of highly turbulent
flow will demand a more robust control system to operate and keep the TSR within
the range of the design value. Highly turbulent flow fields also have high stochastic
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variations in mean wind speed and direction, which may induce unsteady aerodynamic
effects and high instantaneous structural loading on the turbine components. The FAST
model of the Aerogenesis turbine incorporates yaw behaviour resulting from the delta
wing tail fin. With the observed fluctuation in wind direction, it is more likely that the
turbine will be yawing more at the PK site to track the wind. As the wind direction
changes rapidly- more than 180° change over ten minutes- several instances of large
yaw misalignment can transpire, leading to large gyroscopic loading on the blades. With
higher damage load cycles, a turbine at PK is prone to suffer higher damage loading and
have a shorter working life than the same turbine when operated at OG.
Wind fields that have the characteristic feature of having higher fluctuations in both
wind speed and direction resulting in higher turbulent flows, e.g. urban wind regimes,
lead to higher yawing rates of a HAWT. It has been reported that frequent yawing of
the rotor can lead to significant cyclic and unsteady gyroscopic loads, which are often
the largest at blade roots and rotor shaft [18] and can compromise the stability of the
structure. Figure 6.12 shows, for two non-typical (PK 2nd set with U= 7.81 m/s, σu = 2.96
m/s and OG 2nd set with U= 7.29 m/s, σu = 1.63 m/s) records in the 7-8 m/s bin, one at
the PK and one at the OG sites, the measured time series of longitudinal wind compared
with the wind direction, yaw rate and FBM from the FAST output. From the findings
of this chapter, the PK wind condition is more turbulent; the selected non-typical wind
record from the PK site has clearly larger variation in wind direction than that from the
OG site (refer Figure 6.12(a)). So, the turbine has to address yaw misalignment at every
instance of changing wind direction to point itself to the oncoming wind, resulting in
high yaw rates as observed in Figure 6.12(b).
Higher yaw rates induce higher gyroscopic loads that are transferred to turbine blades
where larger variation in blade bending moment loading can be seen as in Figure 6.12(c).
Larger variations in blade bending moment can lead to increased blade loading through
larger fatigue causing cycles and eventually shorten the fatigue life. This phenomenon
has been supported in this chapter by higher blade root FBM and the higher DEL values
(to be discussed in the upcoming sections) experienced by the turbine blade in PK wind
conditions (Figure 6.14(b) and Figure 6.17, respectively). In comparison, the OG wind
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Figure 6.12: Time series of (a) wind direction, (b) yaw rate and (c) blade root FBM from
FAST compared with measured wind speed for PK and OG wind cases at 7-8 m/s bin
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case is more uniform and the turbine has lower yaw rates thus resulting in lower blade
loads.

6.4.3

Wind turbulence and rotor loads

The effects of the different wind datasets on rotor loads, specifically- blade root flapwise
bending moment, rotor torque and rotor thrust are considered. As observed from Figure
6.13(a) and 6.13(b), rotor thrust and blade root flapwise load show a moderate increase
in mean loads when comparing the PK and OG cases with the IEC inlet wind case for the
respective bins. For instance, the mean values of the rotor thrust due to the typical PK
wind sets are 3.5% - 25% greater than the values with the IEC wind case for the selected
wind speeds. The mean rotor thrust with the PK non-typical cases are 7% - 31% greater
than the IEC wind cases. With the OG wind cases, a maximum of 16% increase in rotor
thrust is observed. Similarly, there is a 5% - 27% increment in mean blade root FBM for
the PK wind sets compared to the benchmarked IEC values; a range calculated using
both typical and non-typical data records at all 3 wind speed bins (see appendix B mean
values). The typical OG records have mean FBM values that are around 7% greater than
IEC values while the non-typical records result in up to 11% higher mean FBM values.
The mean values of rotor torque from the PK and OG inflow cases as represented in
Figure 6.13(c) seems just about the IEC values although minor variations can be observed
with the wind cases from both the sites.
Figure 6.14 compares the maximum value of rotor thrust, blade root FBM and rotor
torque for the PK, OG and IEC inlet wind cases. Compared to the IEC case, there is
a clear increase in rotor thrust load for both typical and non-typical cases from PK,
especially at the two higher bins. For the non-typical PK cases, Figure 6.14(a) shows
a significant increase in maximum rotor thrust load, compared to the IEC values, of
90%, 94% and 71% for the chosen three bins, respectively. These values of maximum
rotor thrust with the OG wind cases are below the respective IEC values at all wind bins
for both the typical and non-typical wind records. The trend for maximum blade root
FBM is similar, with the PK wind cases demonstrating higher blade loads than the IEC
values. Figure 6.14(b) shows the maximum blade root FBM increases with the mean
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Figure 6.13: Mean values of (a) rotor thrust, (b) blade root FBM, and (c) rotor torque

wind speed. For the typical wind cases at PK, there is a moderate increase of 2% - 21% in
the maximum blade root FBM values compared to the respective IEC values across the
wind bins. The non-typical cases at PK produced 56%, 66%, 93% higher FBM values at
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the three bins, respectively, than those of the IEC cases. The maximum FBM values for
the OG wind cases are lower than the IEC values for both typical and non-typical cases
at all wind speed bins, as seen in Figure 6.14(b). Appendix D.1 and D.2 show mean and
maximum values of the rotor thrust and blade root FBM with ± 1 standard deviation.
The typical and non-typical data from both the sites have been plotted separately for
clarity. It is evident from the FBM plots that higher variations (± 1 standard deviation
range) in blade root FBM is seen for the PK wind data compared to the OG data, for both
typical and non-typical wind cases, particularly at 7-8 m/s and 10-11 m/s bins. When
comparing typical and non-typical values, it appears that there is a greater impact of
the larger wind fluctuations present in the non-typical data on blade root FBM, which is
manifested as significantly higher blade loads. This significant increase in blade loads is
more likely to have a consequence on the fatigue life of the blade.
As seen in Figure 6.14(c), for the 7-8 m/s and 10-11 m/s bins, the maximum rotor
torque due to inlet wind cases from both the PK and OG sites are constant at 200 Nm,
well-matched to the IEC values, indicating that the turbine controller performed well
in managing torque loading so that it did not exceed maximum rated values for the
rotor. For the 4 -5 m/s, it can be seen that only in the non-typical PK cases, which
have large wind fluctuations, will there be enough wind for the rotor to reach maximum
torque. Appendix D.3 shows mean and maximum values of the rotor torque with ± 1
standard deviation. For the typical datasets, the relationship between mean rotor torque
and wind speed as observed in Appendix D.3 is largely consistent among PK, OG and
IEC wind cases. In average, there is a minor increase in the mean rotor torque for PK
wind sets, indicating the turbine controller performed well in optimizing torque load.
The maximum rotor torque is also fairly consistent at each wind speed bin except for the
decreased value of the maximum rotor torque observed at 4-5 m/s bin for both the sites
due to lower wind speeds. At higher wind speeds, the rotor torque is mostly identical,
at 200 Nm for both the sites. When considering ± 1 standard deviation range, higher
variations in torque and hence power are observed in PK wind sets for both the typical
and non-typical cases.
While the PK wind sets, especially the non-typical sets for all the three wind speed bins,
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Figure 6.14: Maximum values of (a) rotor thrust, (b) blade root FBM, and (c) rotor torque

clearly have higher standard deviations and also exhibit higher turbulence intensities
(compared to the PK typical wind sets as well as both the typical and non-typical wind
sets from the OG site), the mean and the maximum rotor torques, as seen in Figure 6.13(c)
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and 6.14(c) remain largely consistent for the PK site with that of the OG site. It is expected
that higher variance in wind and increased turbulence intensity have influence on the
rotor loads of the turbine. Although there appears to be a no clear relation between
σu or TIu with rotor torque, their influence on the rotor thrust and blade root FBM is
apparent, refer Figure 6.13(a), 6.13(b) and 6.14(a), 6.14(b). The most likely reason for
this could be that the variance and turbulence intensity in the wind field considered in
this study are only due to the longitudinal component (along the wind direction) of the
wind. As the main force exerted on the rotor along wind direction is thrust whereas
torque is perpendicular to the wind (lateral), the influence of the longitudinal wind is
observed only on the rotor thrust and FBM, but not on the torque of the turbine. The
results on the rotor torque loads could be different if σv and TIv are considered, which is
not undertaken in this study. The longitudinal wind gusts can also induce torque ripples,
which is further analysed using two-point statistics in Chapter 7.

6.4.4

Rainflow counting and fatigue loading

The loads on the turbine blades are quantified in terms of fatigue damage from the blade
root FBM for the 51 chosen wind cases across for the three different operating wind
speed bins. For each wind case, the rainflow counting method, discussed in Chapter 4,
ccalculates the fatigue-causing damage cycles from the FAST time series of blade root
FBM and converts it to a single equivalent load that would induce the same damage if
applied for a period of 20 years’ operation at a frequency of occurrence of 1 Hz.
To determine the rate at which these fatigue cycles are occurring, the fatigue rate for each
wind case is determined by normalizing the file length (output data for ten minutes at 10
Hz) by the total numbers of the rainflow-counted fatigue cycles that gives an equivalent
cycle rate (Hz). Figure 6.15 shows the average fatigue rate at the three wind speed bins
for the IEC Kaimal, PK, and OG wind cases. It is evident that all the wind cases at each
wind speed bin produce similar equivalent cycles per second. The fatigue rate occurred
at 3.4 Hz for 4-5 m/s bin and 3.1 Hz for the 7-8 m/s and 10-11 m/s bins, which closely
corresponds to the 1P frequency response of the rotor. The effect of turbulence on the
fatigue rate appears insignificant as all the wind cases at given bin produced virtually
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identical fatigue rates, which is in contrast to the findings of Riziotis and Voutsinas [29]
who have stated that the turbulence intensity is the main fatigue driving mechanism.
Although all the rainflow counted fatigue cycles appear to occur at similar rates, one
will require to look into the amplitude and the number of damage causing cycles to
estimate the magnitude of the fatigue loads experienced by the turbine, particularly the
blades.
In order to visualize the nature of the fatigue loading, the rainflow counted fatigue cycles
are ranked in descending order and normalized by the number of cycles for each wind
cases to facilitate reasonable comparison among the considered wind cases. Figure 6.16
shows one wind case2 for each of the chosen three bins and compares the cycle amplitude
and cycle mean between the IEC, PK, and OG wind cases. The rainflow-counted blade
loading data show a large portion of low-range damage cycles along with a smaller
number of high-range cycles that contribute more prominently to the fatigue loading
of the blade. It is evident from Figure 6.16 that the significant portion of the damage
cycles is about 20% of the total damage spectra that exhibit high mean values. This
portion is higher with increasing wind speed such that the majority of the influence
on the fatigue damage is governed by the values falling within this region. This is
especially conspicuous for both typical and non-typical cases at PK. The cycle amplitude
2 one

typical and one non-typical wind set having the highest value of DEL in each bin
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and cycle mean for PK data set are higher than the OG an IEC data at all wind speed bins.
Moreover, the amplitude and mean with the non-typical case are higher than the typical
case for PK at each bin, which will have a major contribution to equivalent damage load
and reduced fatigue life of the blade (Refer Figure 6.17).
Figure 6.16 shows that, in general, the spectra have a minor variation in amplitude
and mean between 20% and 90% of the total cycles with noticeable reduction in values
beyond 90% of the damage spectra, particularly for the PK site data. With increasing
wind speeds, the constant ‘plateau region’ between 20-90% assumes greater negative
slope and tends towards lower values quicker leaving the higher mean values to have
the greatest influence on the damage loads. Compared to the PK site, the OG fatigue
damage spectra have lower mean and amplitude values at all three wind speed cases
and thus corresponds to smaller equivalent fatigue loads.
It should be noted that the number of ten-minute records at higher bins, as seen in Figure
6.3, are sparse for the PK wind set. The majority of wind speeds at PK occurs below 7-8
m/s with only a few records at higher bins. Thus, the frequency of the blade loading
occurring at the higher wind speed is not as statistically significant as it is at lower wind
speeds for the PK wind sets. For all the three wind speed cases, the majority of damage
cycles belong to < 20% of the total spectra and the magnitude of the FBM increases with
increasing wind speed. At higher wind speed, the turbine blade experiences a higher
fatigue loads and has a higher chance of reduced fatigue life. On the other hand, the
OG wind set has fairly evenly distributed ten-minute records, up until around 20 m/s
(see Figure 6.4). The fatigue spectra at all three chosen wind speed cases are equally
significant in terms of their effect on the turbine’s blades.
At higher bin of 10-11 m/s, the rainflow counted cycle mean at OG is similar to that of PK
but interestingly, the cycle amplitudes of the blade bending moments are clearly lower
than the PK wind case. For the first 20% of the spectra, the rainflow counted cycle mean
at OG is 15% - 40% lower than that of PK at higher bin of 10-11 m/s as seen in Figure
6.16(c), and hence the cycle amplitudes of the blade bending moments are 2 - 3× lower
than the PK wind case. At all the three wind speed cases, OG’s damage spectra consist
of a small portion (<10%) of the total cycles with the magnitude of cycle amplitude being
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Figure 6.16: Comparison of amplitude and mean of fatigue damage cycles between IEC,
PK and OG wind cases at three wind speed bins
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less than 100 Nm at the first two bins and about 100-300 Nm for the third wind speed
case. Figure 6.16 indicates that the chosen OG wind cases, both typical and non-typical
ones, should result in lower equivalent fatigue loads than either PK and or IEC.

6.4.5

Wind turbulence and blade fatigue damage

The fatigue causing DELs for the blade-root flapwise bending moment for the different
wind speed bins and inflow wind cases are shown in Figure 6.17. A cursory inspection of
Figure 6.17 strongly suggests that the DEL increases with increasing mean wind speed.
The DEL values at OG are clearly less than the IEC values at all three wind speed bins
for both typical and non-typical cases, although the non-typical cases produced higher
DEL than the typical cases yet these values are less than that of IEC at respective bins.
Within the same bin, the wind cases with higher standard deviation produced more DEL
at OG. For instance, at 10-11 m/s bin, the 4th typical case with U= 10.7 m/s and σu = 1.4
m/s produces DEL of 89.1 Nm whereas the 1st non-typical case with U= 10.38 m/s and
σu = 1.67 m/s produces 89.5 Nm although it has higher standard deviation. The results
suggest that the reason that the non-typical cases produce greater DEL values than the
typical cases at respective bins relates to the fact that the non-typical cases have higher
wind fluctuations leading to greater blade bending.
Figure 6.17 shows that the PK typical cases have, in general, higher damage values
than the IEC values– an increase of 5.5% to 31.5% with increasing wind speeds, for
the chosen wind speed bins. For the 4-5 m/s bin, the PK typical cases produced lower
DEL values than the IEC Kaimal’s value of 55.74 Nm while the PK typical DEL values
are all greater than the IEC values for the other two wind bins. The maximum DELs
produced by the PK typical cases at 7-8 m/s and 10-11 m/s are 130.5 Nm and 216.4 Nm,
respectively. For comparison, the IEC values at these two wind bins are 113.48 and 164.64
Nm respectively. Thus, for the typical winds, the built environment inflow case overpredicts the DEL values estimated by the standard by around 31.5%. The non-typical
cases at PK produced even higher DEL values than both the typical PK cases and the IEC
inflow cases at all wind speed bins. As Figure 6.17 shows, the higher the wind speed, the
greater is the damage loads experienced by the turbine blade. The non-typical cases at
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Figure 6.17: Damage equivalent load ranges calculated for selected wind cases from PK
and OG, compared with IEC Kaimal

PK produced higher DEL values than the IEC cases at all wind speed bins, ranging from
21% to 123% greater loading and maxima of 95 Nm, 198.5 Nm and 367 Nm at the three
wind speed bins of 4-5 m/s, 7-8 m/s and 10-11 m/s, respectively. This is 71%, 74% and
123% higher than the corresponding IEC values at the respective bins, as summarized in
Table 6.3. The resulting high value of DEL produced by all the non-typical cases at PK
are likely due to high standard deviations and hence higher turbulence intensities, due
to larger variations in both wind speed magnitude and direction. Figure 6.17 suggests
that the turbine blades experience highest fatigue loads for the wind records in the 10-11
m/s bin. Although high wind speeds (> 10 m/s) are relatively infrequent at PK, they are
capable of inflicting major life-time fatigue damage to the turbine blades.
The DEL appears to be a function of standard deviations associated with their mean
wind speeds.

The combination of large values of longitudinal intensity (standard

deviation/mean wind speed) and high mean wind speeds results in higher DEL, for
each of the respective bins. It must be noted that the DEL values are more sensitive to
turbulence intensity at higher wind speed bins. This can be observed from Figure 6.6
where large variations in turbulence intensity can be seen for the 4-5 m/s bin yet the
145

Table 6.3: Maximum DEL range values for typical and non-typical cases at PK and OG
compared with values from IEC at three wind speed bins
DEL* (Nm)

Wind speed bin
(m/s)

IEC Kaimal

4-5

55.47

7-8

113.48

10-11

164.64

PK

OG

Typical

59.50 (7%)

21.50

Non-typical

95.20 (71%)

42.30

Typical

130.50 (15%)

61.00

Non-typical

198.50 (75%)

82.30

Typical

216.40 (31%)

93.90

Non-typical

366.90 (123%)

109.20

*Max DEL values among set of four ten-minute wind records in each bin
Values in brackets show the percentage difference compared to IEC at each bin
All DEL values with OG wind cases are less than the DEL values from IEC

influence of these variations on DEL values (refer Figure 6.17) as well as power output
(refer Figure 6.7), is moderate. For the higher speed bins, the difference in TI between
the four wind records is small yet there are significant changes in the values of DEL and
mean rotor power (Refer Figure 6.7 and Figure 6.17, respectively). The resulting high
value of DELs produced by all the non-typical cases at the PK site are likely due to the
higher turbulence intensities of those records compared to the OG case, associated with
larger variations in both the magnitude and direction of wind speed. All the selected
wind cases for the PK site, both typical and non-typical, have higher turbulence
intensities than those of OG and hence, the PK wind cases are able to produce up to
2-3.3 times the DELs and 14% to 72% more rotor power than the OG site. It appears that
the elevated turbulence may play a crucial role in enhancing the power performance of
the Aerogenesis turbine but at the same time, could imposes higher damage loads on
the turbine blades and hence reduces its fatigue life.
Figure 6.18 shows the time series of two chosen non-typical cases, one from the PK and
one from the OG site, for both the 7-8 m/s and the 10-11 m/s wind speed bins. In each
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case, the PK non-typical wind records are seen to have larger short-term fluctuations of
the wind speeds compared to that of the OG records. The higher values of FBM and
DEL for the PK data could be influenced by the observed short-term fluctuations in the
PK wind sets as seen in Figure 6.18, which also indicate the time-scale of the turbulence
in the wind. It is expected at the PK site that, due to urban environment, there are
many obstacles like buildings and bushes, and these obstacles deflect the flow causing
the mechanically induced turbulence to break and decay as they move downwind of the
obstacles [146]. The smaller size of these eddies compared to those at the OG site, may
explain the higher FBM and DEL values since it is more likely that eddies occur at PK
that are on the same scale of the blade dimensions (e.g. chord and length), inducing
dynamic loads on the blade.
As mentioned above, the higher values of FBM and DEL for the PK data could be
influenced by the observed short-term fluctuations in the PK wind sets, as seen in
Figure 6.18. To explore this further, Figure 6.19(a) and 6.19(b) compare the range of DEL
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Figure 6.18: Time series of longitudinal wind component of two selected ten-minute
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respective longitudinal turbulence intensity (TIu ) and wind fluctuation σu of the
records. As discussed previously, turbulence intensity seems to be sensitive parameter

Damage equivalent load range (DEL), [Nm]
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power and damage loads. Figure 6.19(a) indicates that changes in TIu at the lowest
wind speed bin (smallest markers), however, are not as much significant at both the
sites. This is particularly evident in Figure 6.19(a) with the non-typical wind records.
From Figure 6.19(a), it can be ascertained that, for a particular wind speed bin,
increasing the level of turbulence intensity, either through a change from typical to
non-typical records or a change in terrain does increase the fatigue loads of the turbine.
Nevertheless, Figure 6.19(b) displays a clearer trend of higher damage load caused by
the wind sets having higher standard deviations and the impact being more intense
with increasing wind speed.
By definition, increased turbulence levels stem from larger fluctuations in the wind
field and wind records with high values of σu intrinsically contain elevated levels of
turbulence. The results suggest that it is more rational to correlate the DEL with the
standard deviation of the wind field i.e. the higher variability in wind flows, especially
in term of variability in longitudinal wind speed. To this end, σu appears to be a more
appropriate parameter than TIu to relate wind speed, wind turbulence and damage
loads on wind turbines.

6.4.6

Spectral characterization of blade load

When studying the dynamic response of the turbine to the wind flow, it is important to
avoid vibrations due to resonance, which could cause catastrophic failure. Resonance
is caused when a forcing frequency of one turbine component e.g. the frequency of
the blade passing the tower, coincides with the natural frequency of the other turbine
components such as the turbine tower or the blade itself. For SWTs like the Aerogenesis
5 kW HAWT, the blade rotation rate (ω) is controlled to match the wind speed to keep
the TSR at an optimal value. Wood [18] claims that, with this variation in rotation
rate, the blade passing frequency is likely to excite either the tower’s or the blade’s
natural frequency at some point of its operation. From the FAST time series output, an
investigation can be made as to whether there is excitation of blade loads due to rotation.
The power spectral density (PSD) of the blade root FBM time series was computed by
using a Fast Fourier transform (FFT) function in Matlab. The PSDs of blade root FBM
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over a ten-minute simulation period (one of the four records) from the PK, OG and IEC
cases at each of the three chosen wind speed bins are then compared for typical cases
and non-typical cases separately, as shown in Figure 6.20 and Figure 6.21.
The literature states that the blade root FBM PSD is characterized by high energy content
around the first harmonic of the rotational frequency (1P) at its first harmonics [147]. At
the low wind speed bin of 4-5 m/s (refer Figure 6.20(a) and 6.21(a)), the time series of
FBM for both typical and non-typical cases from PK and IEC Kaimal are almost similar
and the corresponding PSDs also bear a similar trend, albeit with higher energy content
for the non-typical case, and show a peak around 3 Hz. Using the average (mean of
typical and non-typical cases) rotor speed of 177 rpm for the inlet wind cases from this
wind speed bin, a 1P frequency of 2.95 Hz (rpm/60) is calculated, which corresponds
well to the peak observed in Figure 6.20(a) and 6.21(a). For this wind speed bin, the OG
wind data has a lower spectral energy density than both the IEC and PK values. There
is an indication, for both the IEC and OG cases of a lower magnitude 2P response at
about 3.5 - 5 Hz and this is particularly noticeable for the OG typical case. For the 7-8
m/s bin, the average rotor speed is 215 rpm and 1P response of 3.6 Hz is calculated.
This corresponds well with the peaks observed in Figure 6.20(b) and 6.21(b) for both
the typical and non-typical wind records from the PK, OG, and IEC cases. At this wind
speed bin, however, no conspicuous secondary peaks are observed for the considered
three wind cases. The expected 2P value would be 7.2 Hz but since the FBM statistics
were output at 10 Hz resolution, the PSD is clipped at 5 Hz and thus the secondary peak
is off the scale of the plot.
Similarly, the 1P value for the 10-11 m/s bin is calculated as 6.2 Hz and thus no
significant peaks can be observed on either of the plots of Figure 6.20(c) and 6.21(c). The
blade response in the frequency domain suggests that no other significant dynamic
effects other than the rotor’s natural frequency are present.

From all the chosen

frequency domain spectra in Figure 6.20 and 6.21, the blade root FBM PSD is
characterized by high energy content around the rotational frequency (1P). When
designing tower, it is an important to avert the structure’s natural vibration frequencies
near rotor frequencies (1P, 2P, or 3P), which cane excite the tower and lead to
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Figure 6.20: Time series of blade root flapwise bending moment and corresponding PSD
of PK, OG and IEC wind cases at (a) 4-5 m/s, (b) 7-8 m/s and (c) 10-11 m/s with typical
cases
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Figure 6.21: Time series of blade root flapwise bending moment and corresponding PSD
of PK, OG and IEC wind cases at (a) 4-5 m/s, (b) 7-8 m/s and (c) 10-11 m/s with nontypical cases
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unnecessary vibration and/ or induce resonance.
At each wind speed bin, higher instantaneous blade loads are observed for the PK case
(both typical and non-typical wind records) while the blade loading for the OG case
was more uniform without any significant instantaneous fluctuation. The non-typical
cases from PK have higher blade loading than that of typical cases at each wind speed
bin, which is now obvious due to their relatively higher standard deviations of the
non-typical records. The magnitude of instantaneous blade loading is observed to be
increasing with the wind speed (compare plots within Figure 6.20and within Figure 6.21,
which indicates higher damage loads on the turbine load at higher wind speeds.

6.5

Chapter summary and remarks

This chapter presented the results of the impact of turbulence and wind speed on the
operation and rotor loads of the 5 kW Aerogenesis HAWT with the inflow wind sets
from the Port Kennedy and Östergarnsholm sites, using results from the Kaimal model
in the IEC standard for comparison. The measured datasets from the PK and OG sites are
analysed using one point statistics and FAST simulations were conducted to investigate
the impact of turbulence on the performance and loading of the SWT. From the blade
root flapwise bending moment time series, rainflow counting was applied and fatigue
equivalent loads were calculated. The study focussed on three wind bins (4-5m/s, 78 m/s and 10-11 m/s) with a detailed analysis on sets of four typical and four nontypical ten-minute wind records in each wind speed bin. Results from this chapter gave
insight into how wind conditions in built-up areas are ‘non-standard’ and suggest that
the current standard is incomplete in addressing the issues of the salient flow features
related to such turbulent sites. The most important findings of this chapter are listed as
follows:
1. All the selected wind records from Port Kennedy clearly showed higher
turbulence than the IEC and Östergarnsholm wind records. Compared to the IEC
standard’s NTM, the characteristic longitudinal turbulence intensity at the Port
Kennedy wind field was 22%, which was 6% higher than the value estimated by
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the standard. The level of turbulence intensity at Östergarnsholm was 11%, which
was within the estimate of the NTM value.

Port Kennedy also had more

ten-minute records having higher variances that were more frequent and common
at all wind speed bins.
2. From the aeroelastic simulation, the increased wind variance and turbulence
intensity at Port Kennedy had a distinct effect on the performance and operation
of the turbine. For the typical Port Kennedy wind records, the FAST output
predicted 20%, 24% and 20% more aerodynamic power than the IEC values for
the typical wind records across the three wind speed bins, respectively. For the
non-typical wind sets, the aerodynamic power was 123%, 35% and 10% higher
than the IEC Kaimal values. Most of the typical wind cases at Östergarnsholm
had rotor power less than (8% maximum difference) or equal to the IEC values.
The non-typical cases, however, had moderately higher rotor power than the IEC
values (29%, 15%, and 14%, respectively). The turbine at Port Kennedy also
demonstrated higher yaw rates due to larger wind variability in both magnitude
and direction, as the turbine had to react to orient itself to instantaneous changes
in wind field.
3. The Port Kennedy wind records, both typical and non-typical, exhibited higher
rotor loads at all three wind speed bins. The mean and maximum rotor torque,
rotor thrust and blade root flapwise bending moments were higher compared to
those from the Östergarnsholm and IEC Kaimal cases. The rotor load values at
Östergarnsholm were comparable or below the values of the IEC wind cases at all
the three wind speed bins.
4. From the frequency domain analysis of blade root flapwise bending moment time
series, a once-per-cycle (1P) response of about 3-4 Hz was observed for wind bins of
4-5 m/s and 7-8 m/s, which corresponded to the variable speed turbine’s rotational
speed in these wind conditions. No other significant dynamic effects were seen
other than the rotor’s natural frequency.
5. The simulation of the turbine operating at Port Kennedy experienced 2 - 3.4 times
greater fatigue loads than at Östergarnsholm. For the typical wind records at Port
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Kennedy, the damage equivalent loads (DEL) were 7%, 15% and 32% higher than
the IEC Kaimal values across the three wind speed bins. For the non-typical wind
sets, the equivalent damage load experienced by the turbine blade at Port Kennedy
were 71%, 75% and 123% higher than the IEC’s estimates, across the bins. At
Östergarnsholm the DEL values were below the IEC Kaimal values for both typical
and non-typical cases.
6. The chosen wind cases reveal that the wind conditions in complex sites such as
Port Kennedy are subject to high turbulence levels in excess of those stipulated in
the IEC standard. The structural integrity and performance of the turbine deviate
away from the estimates using the standard and the results suggest that such
turbulent wind conditions are capable of derating the turbine’s design life and
causing non-uniform power performance. Given the difficulty in predicting the
actual operation of the turbine in such complex terrains, wind turbine
manufacturers may opt to determine design loads either from aeroelastic
simulations or risk over-designing the turbine based on simplified load model
(SLM) [33], though both approaches are not always commercially or technically
viable. It is desirable to have a revised IEC standard that can incorporate wind
dynamics in complex terrain and make accurate estimates for turbulent sites
instead of undertaking new monitoring techniques or experimental measurement
campaigns.
7. The DEL values exhibited a linear trend with the variance σu of mean wind speed
for all sites and it appears more appropriate to relate damage equivalent fatigue
loads with the variance of the wind rather than its turbulence intensity.
8. As observed from the plot of rainflow-counted damage cycle mean and amplitude,
the spectra were mostly dominated by low-amplitude cycle. The damage-causing
cycles, which impose large fatigue loads on the turbine blades, comprised of only
about 20% of the total fatigue cycles. The amplitude of the fatigue cycles was also
observed to increase with increasing wind speed.
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Chapter 7

Results and discussion on the impact
of intermittency of turbulence on the
rotor loads of a HAWT
7.1

Overview

The first and the second-order one point statistical moments of the wind velocity time
series are σu and TIu , respectively, and are the single metrics used to describe the
turbulence within a ten-minute wind record. From the results of Chapter 6, it appears
that we can relate higher values of σu and TIu in the inflow to the turbine with the
higher aerodynamic power and higher fatigue loads. The chosen ten-minute records
with higher turbulence intensity levels resulted in increased rotor power and the DEL
values showed a linear trend with the standard deviations of wind speed in the flow
field. However, there was no clear relation between σu or TIu with the mean rotor
torque, which remained largely consistent for both Port Kennedy (PK) and
Östergarnsholm (OG) sites and also amongst the different typical and non-typical wind
cases.

The value of turbulence intensity does not contain any dynamical or

time-resolved information about the fluctuation itself.
When it comes to interpreting the wind dataset, it is desirable to look beyond the
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conventional metrics of standard deviation and turbulence intensity and look more into
the dynamics associated with the dataset, which can be explained by higher-order
statistics.

The statistical description of mean and standard deviation, as given by

turbulence intensity, gives the estimate of the strength of turbulence in the wind during
the time span ∆t, which is an important parameter for certification and site assessment
procedures, however, it is unable to explain the occurrence of large velocity fluctuations
within the averaged period, which is known as intermittency of small-scale turbulence.
Such small-scale turbulence occurring at smaller time scale can interact with the turbine
if their sizes are in the order of turbine’s dimension and can induce higher dynamic
loading. To achieve a deeper understanding of such turbulent intermittency in the wind
field and properly characterise the wind turbulence, the two-point statistical analysis of
the wind fields (and rotor loads) is used, which considers higher-order moments of the
fluctuations to give the measure of the occurrence of large fluctuations. In this chapter,
two-point statistics up to second order are applied to the wind field and rotor loads to
have an insight into the correlation between the two points in the time series of wind
(and rotor loads) fluctuations.

7.2

Chapter introduction

In this chapter, the measured wind fields from the two said locations will be
investigated for intermittency in turbulence by using two-point statistical method, as
discussed in Chapter 3. The wind speed increments as a function of time scale are
investigated to gain insight into the dynamic response of a SWT to the turbulent
excitation caused by fluctuating atmospheric flows.

The chapter also presents the

results and discussion on the performance and rotor loads of a SWT due to turbulence
intermittency in the wind field. The time series of rotor loads, in terms of thrust, torque,
blade root flapwise bending moment and edgewise bending moment, are obtained as
FAST output and the incremental probability density function (PDF) of these loads are
computed to investigate the impact of intermittency in wind fields on turbine
performance. The intermittency parameter λ2 (τ ) is used to determine the degree of
intermittency in the wind field as well as in the rotor loads.
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7.3

Results with measured wind field datasets

Based on the one-point statistics of the standard deviation with respect to longitudinal
wind speed from the PK and OG wind datasets, all the ten-minute wind records that lie
within the wind speed bins of 4-5 m/s, 7-8 m/s and 10-11 m/s are selected, as shown in
Figure 7.1, and are evaluated by computing their incremental PDF for the time lag values
from 0.1 s to 150 s at 0.1 s step intervals. Additionally, λ2 (τ ), as discussed in Chapter
3, is also computed for the same range of time lags to determine the shape of the PDFs.
Figure 7.2 shows the log plot of the change in intermittency shape parameter (λ2 ) with
time lag for the two sites at the three wind-speed bin scenarios. At smaller time scales
(below 1 s), the PK wind field has higher intermittency than the OG wind field at all the
three wind speed bins. At larger time scales, the intermittency decreases for all PK wind
data sets and suggests that fluctuations over time scales greater than 20 s exhibit more
or less Gaussian behavior. The OG wind field intermittency transition to Gaussian at
time scales of around 20 s for the 7-8 m/s and 10-11 m/s bin but interestingly, the wind
field from the 4-5 m/s bin data takes a longer time to transition than any of the other
cases and also carries non-Gaussian behaviour even at larger time scales of around one
minute.
As seen in Figure 7.2, the incremental statistics of the wind fluctuation deviate from
Gaussian distribution in the range of about < 20s for both the sites, as highlighted in the
grey zone. The PDFs at these time lags will have leptokurtic distribution with heavy tails
and a pronounced peak. With time lags beyond 20 s and higher, the PDFs at both the sites
have negative kurtosis, with more values lying around the mean and the distributions
have flatter peak and insignificant tails. For both the sites, it is also observed in Figure 7.2
that the effect of intermittency is less pronounced and the transition occurs faster with
increasing mean wind speed. The findings from both the sites suggest that the degree
of intermittency is inversely proportional to wind speed, i.e. the higher the wind speed,
the lower the level of intermittency in the wind field. Both the PK and OG wind sets
have low levels of intermittency for wind data in the 10-11 m/s bin compared to the
wind data in the 4-5 m/s bin. This result is a bit surprising, given in Figure 6.5(a) from
Chapter 6 that shows increase in fluctuations with increasing wind speed. However,
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Figure 7.1: Selected datasets in the three wind speed bins at (a) Port Kennedy and (b)
Östergarnsholm sites

intermittency is related to sudden extreme events i.e. large fluctuations occurring over
short time frames and the increase in probability of these extreme events in turbulent
intermittency are what cause the incremental PDFs to have heavy tails. Figure 7.1(a) and
7.1(b) do indicate some fairly large fluctuations at the lower wind speeds and it may
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be that at higher wind speeds, the wind becomes more uniform and damps out these
short-term large fluctuations within the wind flow field and so the field exhibits a lower
degree of intermittency. Further research is required to understand whether this result
is a product of the wind records and the bins chosen or is more of a general trend.

From the intermittency plot in Figure 7.2, it has been discussed that the probability of
small-scale turbulence occurring at the PK site is relatively larger at smaller time scales
than at the OG site. In a turbulent flow field, there may exist strong vortical events
referred to as ‘worms’. The visual evidence of these worms has revealed them to have
thin vortex filament structures and contain large concentrations of vorticity [114]. A thin
vortex filament passing across a wind speed sensor would cause large fluctuations in
readings over a very short time period. As large atmospheric turbulence packages come
in contact with the physical obstructions in the built environment, turbulent eddies or
wakes are created next to/ downwind of the obstacles [146]. The mechanically induced
turbulence creates eddies of scales comparable to the obstacle size. These eddies decay
as they move past the obstacles dissipating their energy as filament vortices.
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Figure 7.2: Shape parameter (λ2 ) of the wind speed increments, Port Kennedy and
Östergarnsholm sites in the wind speed bins of 4-5 m/s, 7-8 m/s and 10-11 m/s
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The turbulence in the flow field dissipating into worms are not uniform in the space in
built environment. It is expected at the PK site that the obstacles in the built environment
will mechanically induce turbulence with eddies, no larger than the obstacles, which
decay as they move downwind of the obstacles. As such, one can expect that the PK
wind field will contain many smaller vortical structures with different length and time
scales. Such cascading happens a lot faster in the built environment site like PK than
it would happen naturally due to wind shear in the atmospheric boundary layer, at an
open terrain site such as OG. For a certain flow passing around the obstacles at the PK
site, these resulting smaller structures of different length scales interact with each other at
different time scales. This interaction occurs in terms of flow separation or reattachment
and the exact nature of the interaction very much depends on the Reynolds number of
the flow. In the urban situation, the erratically interacting eddies of different scales and
their high Reynolds number result in a strongly three-dimensional flow field that also
exhibit a greater degree of turbulence intermittency. In such a situation, it would not be
surprising to observe non-normal behaviour of wind and non-standard flow structures
in such built-up terrain. A multipoint-statistical analysis will be required to understand
the nature of these structures and their mechanism of interaction with a wind turbine.
For turbulence, the size of the largest eddies is given by the characteristic length scale, ls ,
and the smallest eddy size is given by the Kolmogorov length scale, lk . A fully developed
turbulent flow is characterized by the mean rate of energy dissipation or mean flux of
energyhei, and the kinematic viscosity, ν, of the fluid. The length scale of the turbulence
can be determined using these two quantities as in Equation 7.1, which is known as the
Kolmogorov or dissipational length scale.

lk =

ν3
hei

 14
(7.1)

The length scale is inversely proportional to the dissipation rate (e), which means the
smaller the length scale, the faster the dissipation rate should be. This implies that
the small-sized eddies dissipate energy faster. Smaller vortical structures with smaller
time scales contain higher energy and hence show larger intermittency due to the large
fluctuations in wind speed that they have over very short periods of time. As time
progresses, these eddies will have dissipated their energy at larger time scales due to
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continuous cascading. As mentioned, the obstacles in the built-up site force the turbulent
eddies to decay faster. This continuous cascading reduces the probability that two events
are correlated, i.e. are associated with the same intermittent packets of turbulence,
as the time scale between the events increases. As a result, the PK wind field would
expect to have lower intermittency as the time lag increases. Since, the atmospheric
cascade of turbulence in flat terrain is much slower, the OG wind field exhibits higher
intermittency than the PK wind field even at larger time scales, particularly for the 45 m/s wind speeds. This might be due to the low Reynolds number associated with
smaller wind speeds compared to the wind speeds at other two higher wind speed
bins. At lower wind speeds, the ‘transition to Gaussian’ period appears longer i.e. the
Gaussian state is reached at larger time lags. One possible explanation may be that there
is less mixing of flow with lower wind speeds and the turbulent structures associated
with the intermittency persist longer in time, particularly at the OG site where there are
no obstacles to break down these structures and the eddies decay naturally.
The cascading of turbulence at faster rate to eddies that have larger velocity fluctuations
over small time scales can interact with the turbine and have a significant impact on its
rotor loads and structural response. Due to their smaller sizes, the turbulence structures
at the PK site can be picked up on smaller time scales as they go past the turbine.
They are capable of interacting with the turbine components and inducing a dynamic
response from the turbine if the length scales of the structures are of the same order
of the turbine components, in terms of its chord length or blade length. The impact
of small-scale eddies on small wind turbines can be prominent and more pronounced
at smaller time scale whereas their effect is smothered at the larger time lags. The
larger coherent turbulent structures that occur in the OG site will pass through the
turbine/ measurement zone unperturbed due to the absence of any significant physical
obstructions to dissipate the turbulence into smaller eddies. Such structures tend to
have significantly larger length scales that the rotor diameters of small wind turbines
and, although their interaction with large wind turbines may be significant, they do
not really interact with the small wind turbines and the SWT is relatively unaffected by
their passing. Structures of larger length scales also take a longer time to pass through
the turbine components, resulting in larger velocity increments over large time lags.
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The structures thus exhibit higher intermittency and manifests heavy-tailedness even
at larger time scales.
The intermittency of turbulence in the wind field is a result of the extreme velocity
deviations or fluctuations from the mean value whose occurrence is more frequent than
expected by the Gaussian statistics. These sudden fluctuations in the velocity transpire
from the strong vortical events or ’worms’ within the wind field, which are reflected in
the strongly non-Gaussian tails of the PDF of their velocity increments within the time
series of the wind speeds [148]. The higher intermittency of small-scale turbulence in
the PK wind field corresponds to a high probability of the occurrence of large velocity
fluctuations at the PK site. Figure 7.3 shows the normalized PDF of velocity increments
at a smaller time lag of τ= 0.3 s and larger time lag of τ= 60 s for both the said sites and
the IEC wind case for the wind speed bin of 4-5 m/s, 7-8 m/s and 10-11 m/s together
with the Gaussian fit of the measured datasets at the same time lags. The PDFs have
been normalized with respect to one standard deviation of the distribution.
For all wind speed bins, the PK wind data in Figure 7.3 shows strong intermittent
statistics of wind fluctuations at the small time lag of τ= 0.3 s with the strongest
intermittent behaviour at the low wind speed bin of 4-5 m/s, as commented upon
previously.

The PDFs of the velocity increments at the PK site show heavy tails,

containing data from large velocity increments that have higher probability of
occurrence.

In Figure 7.2, up to around τ= 0.7 s, the PK wind data has higher

intermittency than the OG wind sets for all the three wind speed bins and the
corresponding PDFs in Figure 7.3(a, c, e) shows that the Gaussian distribution
underestimates the probabilities of large values of fluctuations for both the PK and OG
sites, with greatest deviations from the Gaussian behaviour being observed for the PK
wind sets. The PK wind data demonstrates both higher turbulence levels and higher
intermittency at smaller time scales that are observed through the heavy tails in their
incremental PDFs. The flared-out tails in the PDF also suggest the occurrence of more
frequent gusts and larger probability of extreme events that occur more frequently than
predicted by the Gaussian distribution. These small-scale structures of turbulence can
occur more often than the single once-a-year or freak once-in-fifty-year event that is
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modelled in the IEC standard. These findings regarding the features of the PK wind
field supports the argument that the wind velocity fluctuations in the turbulent sites are
not fully described through their moments of first and second order [30] and underlines
the need for higher order statistics to interpret the wind field accurately.
For increments over time scales τ > 0.7 s, the PK wind sets starts to transition to Gaussian
statistics faster than the OG wind datasets at all the three wind speed bins. At τ= 60 s
(refer Figure 7.2) where the PK data has transitioned to a Gaussian distribution, the OG
wind dataset at 4-5 m/s still exhibits slight non-Gaussian characteristics, though difficult
to see from Figure 7.3(b). At both the chosen time lags and all wind speed bins of Figure
7.3, the IEC Kaimal wind cases clearly exhibit Gaussian characteristics as expected from
their description in the standard. The PK wind sets demonstrate higher probability of
larger fluctuations at small time scales while the occurrence of extreme events for the
OG wind sets is more likely over larger time scales. This also suggests that probability
of intermittent packages of turbulent structures occurring over larger time scales in the
built environment is less likely than in open terrain.

7.4

Impact of turbulence intermittency on the rotor loads

As Chapter 6 showed, turbulent wind fields are known to impose higher mechanical
stresses on turbine components reducing its fatigue life and safety levels. Section 7.3 of
this chapter has shown that higher order statistical analysis of turbulent wind fields can
reveal intermittent packets of coherent turbulence that occur over short time scales and
are associated with extreme events. This section will examine the impact, if any, of this
turbulence intermittency on the actual performance and operation of a wind turbine.
The non-Gaussian distribution of wind speed increments is closely related to the
intermittency in the turbulent wind field. Understanding the performance of a wind
turbine in a non-Gaussian wind field is an important research area. The literature in this
area is sparse but Mücke et al. [30] suggest that the intermittent statistics in the
fluctuating wind fields may be transferred as fluctuations in the turbine’s rotor loads. In
this study, the response of the turbine’s dynamics due to intermittent wind field is
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130 mm

Cross-section of blade

Figure 7.4: Photo of 5 kW Aerogenesis blade and its SD7062 profile cross section

investigated in terms of fluctuations in rotor loads based on their increment statistics at
different time scales by examining the probability distribution of changes in rotor
torque δQτ (t), rotor thrust δTτ (t), blade root flapwise bending moment δFBMτ (t) and
blade root edgewise bending moment δEBMτ (t) over a range of time lags, τ. The
increments in the rotor loads time series at different time lags give information about
the changes in the load statistical distributions, where the large variations in the rotor
load over small time scales are reflected in heavy tails of their incremental PDF.
Equation 7.2 defines an incremental rotor loads between two time events, separated by
a lag, τ.
δYτ (t) = Y (t + τ ) − Y (t)

(7.2)

where Y is the rotor load parameter of torque (Q), thrust (T), flapwise bending moment
(FBM) or edgewise bending moment (EBM).
In order to identify if the intermittency in the wind gets passed on to the turbine
dynamics and at what time scales, the rotor load time series are obtained from the FAST
simulation output for both the PK and OG site and are analysed using incremental
statistics at the time scales ranging from 0.1 s to 150 s. The results are then compared
with the same statistical analysis of the IEC wind cases at the same range of time lags.
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Table 7.1: Time scales pertaining to the Aerogenesis blade length and chord length
Wind speed

Chord length

Time lag

Nominal blade

Time lag

length
U(m/s)

lc (m)

10.5

lb (m)

0.029 ≈ 0.1 s

4.5
7.5

τ = lc /U (s)

0.13

0.018 ≈ 0.1 s
0.012 ≈ 0.1 s

τ = lb /U (s)
0.55 ≈ 0.5 s

2.5

0.33 ≈ 0.3 s
0.24 ≈ 0.2 s

Figure 7.4 shows the blade from the Aerogenesis machine and its cross-sectional
element and Table 7.1 displays the time scales pertaining to the nominal blade length
and chord length. In the incremental analysis, in addition to the time scales in Table 7.1,
a time lag of 60 s was also considered to see the effect of intermittency at larger time
scales. Parameters were output at 10Hz from the FAST simulations and the rotor loads
were evaluated at the wind speed bins of 4-5 m/s, 7-8 m/s and 10-11 m/s.
Since the turbine statistics from FAST were output at the time step of 0.1 s, the smallest
time scale for incremental statistics for both wind speed and turbine rotor loads was
0.1 s. In that regard, the time scale pertaining to chord length at all the three chosen
wind speed bins was 0.1 s while for the blade length, the incremental statistics were
evaluated at the time scales of 0.5 s, 0.3 s and 0.2 s at the 4-5 m/s, 7-8 and 10-11 m/s bins,
respectively.
Figure 7.5 presents the incremental PDF for rotor torque and thrust as well as blade root
flapwise and edgewise bending moments for the PK, OG and IEC cases at the lower
wind speed bin of 4-5 m/s. The rotor loads are normalized with respect to one standard
deviation of their respective PDF. In Figure 7.5 (a-b), the rotor torque exhibits classic
non-Gaussian behaviour with modestly heavy tails and a narrow peak around the mean.
There are a few extreme fluctuations in rotor torque, which are ±7 standard deviations
from the mean. Interestingly, the trend of flared-out tails and narrow peaks in PDFs
become more Gaussian although a few instances of larger fluctuations can be seen for
both PK and OG cases, which is consistent with the intermittency parameter curves of
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Figure 7.2 for the 4-5 m/s case. The findings that intermittency in the wind speeds is
transferred to intermittency in torque on small time scales (torque pulses) for the wind
turbine supports the research of others (Milan [96], Mücke, Lind). Mücke et al. [30] found
a high correlation between wind increment statistics and the resulting torque increment
statistics. Lind et al. [149] pointed out “. . . both the power and the torque are related to
the cube of the wind speed, and thus the non-Gaussian character of the latter must be
present in both turbine properties". The PDF of rotor thrust (Figure 7.5(d-f)) and blade
root FBM (Figure 7.5(g-i)) do not display, at least at wind speeds of 4-5 m/s, the same
level of non- Gaussian behaviour as the rotor torque increments and this may be because
thrust is related to the square of the wind speed while torque is related to the cube of the
wind speed and so torque is more sensitive to fluctuations in wind speed.
In contrast to the normal distribution, which has a single peak, the incremental PDF
of the EBM appear as a bimodal distribution at smaller time scales, while it assumes
Gaussian behaviour at larger time scales. Figure 7.5(j-k) show two distinct and equal
peaks or modes in their PDFs at around ± 2 standard deviations. The load on the turbine
blade in the edgewise direction is influenced by the gravity and changes twice during
each revolution of the blade, with the maximum EBM occurring when the turbine blade
is in a horizontal position. For one maxima, there is compression towards the trailing
edge and for the other maxima, there is compression toward the leading edge. From
Chapter 6, the typical rotational speed of the turbine during 4-5 m/s winds was around
177 rpm. At time scales of 0.1 s, the azimuthal difference between the occurrences of the
EBM increments would be around 106°. Even for a time scale of 0.5 s, the blade would
have rotated only around 1.5 revolutions between EBM increments.
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Figure 7.5: Normalized incremental PDF of rotor torque (a-c), rotor thrust (d-f), blade root flapwise bending moment (g-i) and blade root
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It is likely that, at these time scales, the PDF of the EBM increments are being influenced
by the underlying periodic EBM loads with their two local maxima per revolution. Once
the time scale increases to 10 s, any two EBM events are around 30 revolutions apart and
the azimuthal dependency of EBM has less influence. Of the rotor loads, the EBM seems
least affected due to intermittency in the wind fields as the distributions of Figure 7.5(j,
k, l) show no ‘wings’ or tails suggesting there are no events with larger fluctuations in
the edgewise loads. Fluctuations in edgewise loads may not be significant anyway as
edgewise loading is a result of blade mass as well as gravity and this would not be large
for SWTs. In fact, the FAST results of this study showed that the loading on the turbine
blade in the edgewise direction is 6-16 times less than the flapwise loads for the range of
the wind speeds studied.
Figure 7.6 shows the incremental statistics of rotor loads, evaluated at 0.1 s, 0.3 s and 60 s
time lags, for the wind speed of 7-8 m/s. At this higher wind speed bin, the PDFs exhibits
more pronounced non-Gaussian distributions at smaller time scales than the 4-5 m/s
case. The PDFs of rotor torque and thrust with PK and OG wind cases in Figure 7.6 (a-c
and d-f) clearly exhibit heavy tails indicating higher probabilities of large fluctuations.
At smaller time scales, the probability of occurrence of large fluctuations in torque is
higher, and in general, is more prominent for the PK wind fields compared to the OG
and IEC wind fields. This would be expected due to the higher intermittency in PK
wind field. It is also visually clear from the plots that, in general, the non-typical sets
have higher probabilities of large fluctuations in thrust and torque than the typical sets
for both the PK and OG statistics.
In terms of bending moments, the PDFs of blade root flapwise bending moments at the
PK site show heavier tails at smaller time scale, see Figure 7.6(g-i). The turbine blades
can experience larger forces and undergo significant fatigue loading cycles due to the
small scale structures interacting with the blades at smaller time scale. Smaller turbulent
coherent structures such as vortices that have size in the order of the blade chord or
blade length are capable of inducing dynamic loading on the blade. This subjects the
blades to undergo larger amplitude fatigue cycles that reduces their predicted fatigue
life significantly.
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Figure 7.6: Normalized incremental PDF of rotor torque (a-c), rotor thrust (d-f), blade root flapwise bending moment (g-i) and blade root

P(/EBM=/<= )

(g)

P(/FBM=/<= )
P(/EBM=/<= )

100

P(/FBM=/<= )
P(/EBM=/<= )

The increased probability of extreme events appearing at the tails of the PDF should be
considered during the wind turbine design load calculations so that the turbine can
withstand any excessive fatigue or premature failure of the blades and other
components.

The edgewise bending moment is not as important as the flapwise

bending moment in terms of fatigue loads, nevertheless, the PDFs of Figure 7.6(j-l) also
exhibit non-Gaussian behaviour at relevant smaller time scales.

Both blade root

bending moments of the turbine appear less affected by the OG wind field as compared
to the PK and IEC cases, suggesting the turbine would experience fewer extreme blade
loads if installed at the OG site.
The (normalized) incremental statistics of the rotor loads due to the applied wind fields
at the wind speed bin of 10-11 m/s are shown in Figure 7.7 and evaluated at the time lag
of 0.1 s, 0.2 s, and 60 s, based on Table 7.1. From first examination, the results at this wind
speed appear analogous to the PDFs for the 7-8 m/s bin with the rotor load PDFs again
exhibiting non-Gaussanity at the smaller time scales of 0.1 s and 0.2 s but assuming a
more Gaussian shape at the larger time scale of 60 s. Compared to the PDFs at 7-8 m/s,
however, the PDF of rotor torque and thrust increments at 10-11 m/s are slightly less
peaky and their tails are more flared. This suggests the occurrence of larger fluctuations
in rotor torque and thrust is more probable at higher wind speeds with a corresponding
greater impact on the turbine components and performance. This result is in contrast to
the findings in Figure 7.2 where, for the same time lag, the intermittency of wind fields
with higher wind speeds is slightly less than wind fields with smaller wind speed. It has
to be remembered, however, that Figure 7.2 reduces the description of the intermittency
of a wind flow to a single metric value whereas looking at the PDFs in Figure 7.5,Figure
7.6 and Figure 7.7 will give a more complete picture. Also, if Equation 3.8 from Chapter
3 and Equation 7.2 from above are considered, there may have a relatively smaller wind
increment at higher wind speeds compared to low wind speeds but due to the cubic
relation of torque with wind speed, this could have an increment in torque at higher
wind speeds. The dominating factor in this calculation would be the cubic function
rather than the value of the increment. A similarly heavy-tailed PDFs are observed with
the blade root FBM at smaller time scales, which too have Gaussian behaviour at larger
time scales.
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Figure 7.5,Figure 7.6 and Figure 7.7 suggest that the higher number of extreme events in
the atmospheric wind field transfer to the main shaft in the form of torque fluctuations
and, to a lesser degree, to the thrust loads on the turbine rotor. This is an interesting
result because there has been debate in the literature over whether intermittency has
impact on thrust load and flapwise bending moment and contradicting conclusions
have been drawn. Berg et al. [89], for example, did not find any significant evidence
that intermittency altered the loads on the turbine and concluded that the dynamics of
the intermittency in the flow field were low-pass filtered by the turbine. Schwarz et
al. [115] found that “intermittent wind dynamics and advanced wind statistics can be
relevant to the fatigue loads of wind turbines". They also state that the degree of the
intermittency effect on rotor thrust is dependent on the size and number of coherent
structures of turbulence in the flow field. The findings from this thesis would support,
to a degree, that conclusion because the obstacle-filled PK wind field would be
expected to contain many coherent structures. The study adds to the discussion of
intermittency and wind turbine dynamics by comparing the relative effects of
intermittency on different turbine loads and finds that, torque appears more sensitive to
large fluctuations in wind speed and this is likely because it is a cubic function of wind
speed whereas thrust is proportional to the square of the wind speed.
The heavier tails of the rotor torque PDF for the PK wind field indicate that the turbine
operating at the PK site would require a robust gearbox/drive train and generator to
accommodate the increased forces on turbine structures due to large cyclic torque
fluctuations occurring at smaller time scales. Similarly, increased fluctuations in the
rotor thrust impacts the structural integrity of the turbine demanding stronger
foundations and a robust turbine tower to withstand the extreme thrust force events.
The important question here will be whether the turbine control system would be fast
enough to handle such larger fluctuations in both torque and thrust occurring at
smaller time scales. Survival of the turbine in the long run would entirely depends on
the robustness of the control system and the strength of the turbine structure.
The fingerprint of the non-Gaussian field from both the PK and OG sites on rotor torque
and thrust is exhibited through the flat tails and central peak in their incremental
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statistics. Interestingly, rotor torque and thrust from the IEC Kaimal wind case also
exhibit non-Gaussanity at smaller time scales for all three wind speed bins ( see Figure
7.5, Figure 7.6 and Figure 7.7) despite the fact that the IEC Kaimal wind fields were
clearly Gaussian at all the time scales, e.g. for τ= 0.3 s, as presented in Figure 7.3. Figure
7.6(a, b, d and e) and Figure 7.7(a, b and d) show most clearly, that the IEC wind field
rotor torque and thrust PDFs also have relatively heavier tails albeit the probability of
occurrence of large variations in torque and thrust is clearly lower than that of the PK
wind field. While small scale fluctuations (in terms of τ values) are dominated by linear
response, the large scale fluctuations in the wind field have non-linear response, which
is very much reflected in the PDF of the rotor loads.
It is likely that the higher intermittency in the PK wind field at small time scales relative
to the OG wind field results in a prominently non-Gaussian distribution of the
incremental statistics of the rotor loads at small time scales. Nevertheless, the degree of
non-Gaussanity in the PDF of the rotor loads with the IEC wind field cannot be ignored.
The PDF of the IEC wind is Gaussian while the fingerprint of the Gaussian field on
torque and thrust is non-Gaussian with the IEC wind cases. As the rotor loads statistics
are the output of FAST simulation, it is important to consider that FAST may not be able
to take into account all the non-linearity of aerodynamics and machine component
responses. When dealing with the stochastic data sets of wind or rotor loads, the
standard statistical methods as discussed in this thesis may still not be sufficient
enough to converge into a good approximation of the PDF of the related stochastic
processes. The PDFs themselves may also be not able to characterize the underlying
complex dynamic processes.

Such dynamical systems may be more accurately

described by a stochastic differential equation, the non-linear Langevin equation [150].
Examination of this theory is beyond the scope of this thesis but would be an
interesting area for future research.
The incremental PDF of the rotor power output for the three wind speed bins and
different time lags are shown in Figure 7.8. Since the aerodynamic rotor power is a
product of the rotor torque and rotation rate, the rotor power PDFs exhibit
non-Gaussian behaviour for the small-time scales, as expected.
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Comparing Figure 7.8 with Figure 7.5, 7.6 and 7.7, however, shows that the impact of
intermittency in the wind field on the turbine’s aerodynamic power is not as
pronounced and significant as it is on the rotor loads, particularly the rotor torque, of
the turbine. This may be due to the modelling of the variable speed control in FAST.
Further research is required on this point. There are some evidence from Figure 8 that
intermittent behaviour increases with wind speed but this is not as clear from
comparison of rotor torque in Figures 7.5, 7.6 and 7.7. Although, the PK wind field
exhibited higher longitudinal turbulence intensity and also has higher intermittency at
smaller time scales, the PDF of the rotor power is consistent with the IEC wind cases for
the chosen time lags. The PDF of rotor power increments with the OG wind cases show
slightly less heavy tails than IEC and PK.

7.5

Intermittency and dynamic response of turbine blade

Figure 7.9 shows the plot of the intermittency or shape parameter, λ2 versus time lag,
for the blade root FBM increment statistics due to the PK, OG and IEC wind fields for
the chosen wind speed bins. The plots show a peak in intermittency parameter at small
time scales, most noticeable for the PK non-typical cases at the higher wind speed bins.
For 7-8 m/s, the highest intermittency is seen at a time lag of 0.3 s while this peak occurs
at 0.2 s for 10-11 m/s bin, refer Figure 7.9(b,c). From Table 7.1, these time scales and
wind speeds correspond to the length scales of the order of the nominal blade length
of the Aerogenesis turbine. Thus, the highest intermittent behavior in FBM is observed
to occur at a time scale that is in the order of turbine’s blade length. It may be the case
that, for PK especially, there are a number of small coherent turbulence structures with
sizes in the order of turbine’s blade length that are capable of inducing larger dynamic
loading on the blades as they pass through the turbine.
The intermittency parameter plot at 4-5 m/s, refer Figure 7.9(a), does not show strong
response of blade root FBM at time lags corresponding to blade length (τ= 0.5 s) despite
the strong intermittency in the wind fields at this wind speed, particularly for the PK
site, as seen in Figure 7.2. This suggests, as stated previously, that the dominating factor
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Figure 7.9: Intermittency plot of blade root flapwise bending moment at three wind
speed bins

183

in the rotor loads is the sensitivity to wind speed than high values of wind increments.
For the 4-5 m/s bin, the turbine is operating slightly above cut-in wind speed (note that
Aerogenesis’ cut-in speed is 3.5 m/s) and it may be that dynamic responses of the turbine
blade in the form of flapwise bending is unlikely in this operating state. The FBM shape
parameter plot in Figure 7.9 also shows intermittent behaviour for both typical and nontypical OG wind fields, for higher time lags. The time lag for the peak intermittency
for the 4-5 m/s case is around 20 - 30 s, decreasing to around 3 - 10 s for the 10-11 m/s
case. This intermittency is likely to be due to the large-scale structures occurring at the
OG site that pass through the turbine unperturbed by the terrain features in this flatterrain site. The incremental PDFs of the blade root FBM with OG wind field at this time
scale should exhibit slightly heavier tails, however the impact of such large structures is
not considerable, particularly for low wind speeds, on the blade loading and the overall
rotor load on the turbine.
The data suggests that the aero elastic response of the turbine blades is being influenced
by eddies having a length scale in the order of the turbine’s blade length. These turbulent
eddies of the same spatial scale seem to interact with the turbine blades as they move
past the blades to induce a dynamic response, which could be the reason for large
fluctuations in the forces on the blade. Such fluctuations may result in larger fatigue
loads on the blades, which can reduce their estimated operational life. This scenario
could possibly be another factor behind the predicted higher damage equivalent loads
on the turbine blades for the PK wind fields, as seen in Chapter 6. The blade chord length
is also an equally relevant length scale for the aeroelastic response, however, this aspect
could not be concluded with 10 Hz turbine statistics from FAST.

7.6

Chapter summary and remarks

In this chapter, the measured wind data sets from both the PK and OG sites are
analysed for intermittency of turbulence in the wind field by computing the wind speed
increments for a range of time lags. The measured wind data in the three different wind
speed bins were selected and their incremental PDFs were computed to investigate the
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presence of small scale fluctuations occurring within the wind field. The obtained PDFs
at the different time scales were compared with the PDFs from the IEC wind cases,
which were essentially Gaussian at all the time scales. Additionally, the intermittency
parameter was also used to quantify the degree of intermittency in the measured data
sets. To understand the impact of such small scale turbulence structures on the turbine,
the incremental PDFs of the rotor loads and power were also calculated using the same
approach. The most important findings of this chapter are listed as follows:
1. Wind increments display the highest intermittency behaviour at small-scales and
is linked to the number of small-scale coherent structures of turbulence in the flow
field.

The urban PK site is expected to contain many small-scale coherent

turbulence structures due to the cascading of turbulence as the atmospheric
turbulence is broken down when it comes into contact with the obstacles in the
built environment.

The results confirm that the urban PK site has higher

intermittency than the open terrain OG site.
2. This study adds to the discussion in the literature of whether intermittency in the
flow field is passed on to intermittency in wind turbine loads. The results show
that intermittency of small-scale turbulence is passed on to rotor torque, and to a
lesser extent, thrust and flapwise bending moment, particularly for the non-typical
wind records from the urban PK site.
3. The relative effects of turbulence intermittency on rotor torque and thrust
increment statistics finds that torque increments display the highest intermittent
behaviour and appear more sensitive to fluctuations at higher wind speeds. This
is likely to be because torque is a cubic function of wind speed whereas thrust is
proportional to the square of the wind speed.
4. Peaks in intermittency for blade root flapwise bending moment increments were
seen, particularly for the PK data, at time scales associated with small scale
coherent turbulence structures of the order of the size of the blade length. The
results suggest that these structures may be capable of inducing large dynamic
responses from the blade as they pass through the turbine.
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5. The fact that this study, contrary to some other studies, finds that intermittency of
turbulence in the wind field is also transferred to thrust and flapwise bending
moment. The fluctuations in flapwise bending moments demand more robust
blades; otherwise they will have a shorter fatigue life due to higher loading
resulting from the larger fluctuation in the blade loads. Additionally, stronger
turbine towers and foundations will be required to resist the moment caused by
fluctuating thrust.
6. Intermittency of turbulence in the flow field is also transferred to intermittent
behaviour in the rotor power and this is significant because it has consequences for
the turbine manufacturer, in the expense of oversizing components of the power
train so that they do not burn out, and for the utility, in terms of predicting energy
output from the turbine.
7. These results underscore the importance of applying higher order statistics in
analysing the wind fields and the wind turbine loading and performance in terms
of the impact of turbulence intermittency.

Further research is required to

investigate the observed non-Gaussian behaviour of the rotor load and power
increment statistics for the IEC wind case.
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Chapter 8

Conclusion and Recommendations

8.1

Chapter introduction

This chapter presents the major findings of the research in regards to the aim of the
research and recommendations for any further research in regard to this work. The
work in this research was motivated by the operational and structural challenges faced
by small wind turbines operating in built-up areas. These challenges arise as a result of
the non-standard wind fields in complex terrain that is characterized by increased
turbulence and large fluctuations in both wind speed and direction experienced by the
turbine. Work in this study mainly dealt with characterizing the wind field, in terms of
turbulence, at two disparate terrains - Port Kennedy as a built environment site and
Östergarnsholm as a near-shore open terrain site - and benchmarking them against the
turbulence model estimates of the IEC 61400-2 standard, applicable for design and
installation of SWTs. The performance and fatigue loading of a 5 kW HAWT due to the
wind fields from said locations were also evaluated and showed clear differences with
the estimates from the standard.

These results can be a point of reference in

re-evaluating the current standard and making the required modifications to make it
inclusive of designing SWTS to operate reliably in wind fields in complex terrain. Final
conclusions and recommendations for future work will now be presented as per the
objectives and scope set out in Chapter 1.
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8.2

Addressing the research objectives

The first objective that motivated this research was, ‘to analyse the wind characteristics,
including wind speed, turbulence and intermittency, using measured datasets at one built
environment site, compare these with the wind characteristics at one open terrain site and
benchmark them against the IEC 61400-2 standard’
This study evaluated the wind data from two contrasting locations where SWTS had
actually been installed - on the rooftop on a warehouse in a commercial/industrial estate
and on a small, flat island in the Baltic Sea. The wind conditions at the built environment
site showed an increased level of turbulence intensity. The value of the turbulence
intensity was found to be 6% higher than the estimate from the standard’s NTM. On the
other hand, the wind conditions from the open terrain site conformed with the standard
as the level of turbulence intensity was within the threshold of the NTM’s value. Of the
two sites, the wind conditions in the complex terrain exhibited larger intermittency at
smaller time scales, indicating the larger probability of the presence of larger fluctuations
in the wind field and occurrence of more extreme events. The interaction of the incoming
wind field with the existing obstructions at the built environment site resulted in the
existence of a number of small-scale coherent structures of turbulence in the flow, which
is linked to the higher level of turbulence intermittency.
The second objective was ‘to investigate the impact of wind characteristics at the varying
sites on the power performance and fatigue loads of SWTs using the measured datasets and an
aeroelastic code’
The aeroelastic simulation of a small HAWT using FAST showed that the turbine
operating in the complex terrain experienced larger rotor loads and higher blade
fatigue loads, at all wind speeds. The turbine was predicted to experience 2 – 3.4 times
more fatigue load on its blades in the urban terrain than the same turbine when
operated in the flat terrain. The turbine operating in the complex wind field of the built
environment would also have reduced fatigue life of its components. In contrast, the
rotor load values in the open terrain site were within the range of the standard’s
estimates. It was interesting to note that the increased turbulence in the complex site
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increased the aerodynamic power of the turbine, by as much as 123% in one wind case.
Typically, however, moderate increases in rotor power, around 20%, of the turbine were
seen due to the complex wind field, but at the expense of larger fatigue loads.
The third objective was ‘to use the variation in results between the non-standard and standard
wind conditions to quantify the extent to which the IEC 61400-2 standard is suitable for
installation of SWTs in complex terrain sites’
The small scale structures in the built-up site due to turbulent intermittency also resulted
in larger fluctuations in the rotor loads- torque, thrust and FBM, which was manifested in
larger rotor loads and high DEL experienced by the turbine blades. Such small structures
in the order of the turbine’s blade length at smaller times scales were also found to
interact with the turbine to induce dynamic loading.
The fourth objective was, ‘to examine the suitability of current IEC 61400-2:2013 standard for
SWTs and understand to what extent the standard caters to the installation of SWT in the built
environment.’
Annex M in the standard IEC 61400-2 does mention about the existence of ‘other inflow
conditions’. In the Annex, the standard expects such non-standard wind conditions to
occur in urban areas, rooftops and forested areas, where the flow field is obstructed by
the presence of obstacles or due to the high surface roughness. The four standard SWT
classes mentioned in the standard and discussed in Chapter 2 of this thesis are just the
representatives of typical environments that SWTs are intended to operate.

These

environments are expected to be open terrain sites that offer similar unobstructed wind
flow field as in the case of large wind turbines. The Annex also mentions about the
occurrence of extreme wind direction changes and gust factors in the complex terrain,
which can result in more severe turbulence conditions than specified in the standard.
Siting SWTs in such non-standard sites can have significant detrimental effect on the
function and the performance of SWTs, to which the findings from this research also
concur. The standard’s wind model was not suitable to adopt in designing the turbines
for built-up sites.The wind turbines designed to the wind model mentioned in the main
body of the standard will not be suitable for such turbulent sites.

Moreover, the

standard does not tell the designers and manufacturers how to deal with it. As such,
189

SWT designers will not be able to accurately predict the functioning and loadings the
turbines are going to encounter. As a result, they may risk over-designing the turbine,
still may not guarantee safe operation and desired performance of the turbine.
Moreover, the intermittency in turbulence is also an important aspect of atmospheric
turbulence and the wind model should also consider it while interpreting the wind
field.
International Energy Agency (IEA) Task 27 has been documenting all the research and
testing activities related to SWTs installed in built environment focussing on the IEA
recommended practice guidelines for micro siting of SWTs and draft technical
recommendations for IEC 61400-2. Some of the findings from this study have also been
included in the 2018 Expert Group report. Based on the finding from this research work
on the impact of turbulence on turbine’s operation, along with similar findings from
other researchers, a recommendation has also been made to practically assess small
wind turbine production for turbulent sites.

This includes good estimate of wind

turbine production through a site visit for micro-siting, gaining better understanding of
the three-dimensional wind resource in complex terrain through evolved assessment
technologies and study methodologies, knowledge of surface roughness and terrain
features, and training and developing professional site assessors to ensure good small
wind installations [17]. A recommendation has also been made to improve the current
standard to make it inclusive of wind fields in complex urban sites.

8.3

Major conclusions

• In general, the standard was valid for open terrain sites but appeared inadequate
when applied to SWTs to be sited in complex terrain.
• The interpretation of the turbulent fluctuations was possible when the measured
datasets were analysed using a two-point statistical approach, which was
insufficient to describe using single-point statistics.
• A moderate increase in rotor power of the turbine was seen due to the complex
wind field, but at the expense of larger fatigue loads.
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• The damage loads on the turbine blade due to the complex wind field were also
higher than the estimates from the standard at all the chosen wind speeds.
• Intermittency of turbulence in the wind field is transferred to short-term large
fluctuations in rotor power and loads, with the greatest impact seen on rotor torque
occurring at smaller time scale.
• The small-scale structures having their sizes in the order of turbine’s blade length
and occurring at smaller time scales are capable of inducing dynamic response as
they pass through the turbine.
• Turbulence intermittency is an important aspect of atmospheric turbulence and
needs to be considered while interpreting the wind field.
• Based on the findings from this research work on the impact of turbulence on
turbine operation, along with similar findings from other researchers, a
recommendation has been made to improve the current standard so that it
considers non-open terrain sites.

8.4

Limitations in this research and recommendations for future
work

In the course of carrying out this study, there are some limitations, which nevertheless
have not compromised the quality of the research and impact of the results. The results
from this study have elucidated that, contrary to the assumption of the standard and
its estimate for wind turbulence, non-standard wind conditions can exist with higher
turbulence intensity e.g. in built environment sites. The above conclusions from this
study are made with reference to the following limitations:
• Due to time restrictions in analysis and simulations, measured datasets from only
one built-up site and one flat-terrain site were considered in this study. Although
high-resolution wind data for a period of six months was considered from both the
sites, more measured datasets from a range of different types of complex terrain
are needed to compare with the conclusions drawn from the non-standard wind
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conditions at the PK site.
• For the aeroelastic simulation, 4 ‘typical’ and 4 ‘non-typical’ ten-minute wind
cases from the longitudinal standard deviation plot were selected at the three
wind speed bins from both the sites. While the 8 wind records at each bin were
sufficient enough to deduce logical conclusions, the author could not evaluate
more ten-minute records due to time constraints. With an extended analysis
taking more such wind records, a larger picture of the impact of all the wind sets
on the turbine over the entire range of wind speeds could be visualized.
• When simulating the full-field with the measured datasets, only one random seed
number was used in TurbSim for each ten-minute record to produce a *.bts file and
same approach was used for the FAST simulations. Whilst the results from a single
simulation of each ten-minute wind record are still worthy, the author is aware
that a better practice would be to run three or more simulations for each wind
record with different random seed numbers and achieve more accurate results by
averaging the output values.
• Wind shear power law was used to extrapolate the measured wind speed to hubheight from both the sites, based on the terrain characteristics. A sensitivity study
on the choice of exponent is beyond the scope of this thesis. Wind speed was
measured at different heights at the OG site whereas wind speeds at the PK site was
measured at only one height and therefore the method of deriving the exponent
from the measured data could not be performed. This is recommended as future
work.
• Changes in atmospheric stability are important feature of wind flows in urban
terrain. Recent studies [38, 59, 151] have shown that atmospheric stability also has
a noticeable impact on both power performance and lifetime of turbine
components.

These studies have discussed the benefit of using the

turbulence-related properties of friction velocity, u∗ , and Richardson Number
stability parameter, Ri , to evaluate the mechanical reliability and operational
safety of small wind turbines cite.

The role of atmospheric stability on the

intermittency of turbulence has also become apparent that eventually degrades
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the performance and component reliability of wind turbines [151]. The single
measure of turbulence intensity in terms of σu and U is not sufficient to
characterize the wind field. Studies suggest that a measure of turbulence intensity
should also use local coherence information (u∗ ) and vertical stability in the
atmospheric layer (gradient Richardson number), which was beyond the scope of
this research.
• The two-point statistical analysis of measured wind records from the PK site
showed non-Gaussian behaviour of wind at small time scales while the wind field
with the IEC case was essentially Gaussian at all time scales. The non-Gaussian
wind field from PK site also exhibited non-Gaussian rotor loads at small time
scales. The heavier tails of the incremental PDFs of the rotor thrust, torque and
blade root FBM were observed with the PK site’s non-Gaussian wind increments
indicating larger fluctuations in the rotor loads.Interestingly, the Gaussian wind
field from the IEC wind case also showed a moderate level of non-Gaussian rotor
load behaviour at smaller time scales. Such non-Gaussian behaviour of the rotor
loads from a Gaussian wind inflow field could be due to the non-linear dynamics
in the turbine system, which requires a separate detailed analyses. This work was
beyond the scope of this thesis and was not considered when evaluating the wind
fields with two-point statistics.

8.5

Recommendations for future research

Based on the findings of this research, some suggestions for useful future inputs in this
area are suggested below.
• Future research work in this study can be expanded into evaluating measured
datasets from multiple complex sites, running extended aeroelastic simulations
and comparing the simulated statistics with actual measured data from the turbine.
• Extended aeroelastic simulations can be run using more ten-minute records and
comparing the simulated statistics with measured data from the turbine to evaluate
the performance of the turbine for the entire range of wind speeds. Additionally,
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including more ten-minute records of the rotor loads from the FAST output for the
incremental PDFs should give more accurate trends in the plots.
• The FAST simulations and post-processing of the output statistics were based on
measured 10 Hz data sets. When evaluating dynamic behaviour of the turbine in
Chapter 7, particularly with regard to the chord length time lag, the results can be
improved with higher resolution in time, preferably at 100 Hz, for both measured
wind fields and FAST simulation, so that the dynamic behaviour in regard to the
timescale related to blade’s chord length can also be observed accurately.
• It was seen in Chapter 6 that the predicted mean rotor power of the turbine
exceeded the rated electrical power of 5 kW at higher wind speeds as the physical
braking mechanism was not considered in the FAST model of the turbine. The
discrepancy with power produced by the FAST simulations higher than the rated
power of the turbine can be resolved if the over-power control method could be
incorporated in the adopted aeroelastic code. This can be achieved by modelling a
suitable braking mechanism to limit the over-power production of the turbine at
higher wind speeds.
• For the aeroelastic simulations in FAST, 3 - 5 FF wind data, of the same single
point measured wind sets obtained by using different seed numbers in TurbSim
can be used so that the averaged FAST output from the simulations can give more
accurate statistics of turbine performance and rotor loads.
• In relation to computing damage loads from the time series of blade root flapwise
bending moment, the simulated results can be compared with the measured data
from an instrumented turbine blade, which can validate the results obtained from
the simulations with the actual results of blade fatigue damage.
• The averaged RPM during the discussion of spectral characterization in Chapter
6 are just indicative. The simulation specific RPM with each wind case can be
referred to in Appendix B and Appendix C. Future work could look at the 1P
frequency for each of the 10 minute datasets.
• Future work can also be expanded in characterizing the turbulence in SWT inflow
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fields using fluid dynamic properties like u∗ and Ri , to identify the impact of
atmospheric stability on flow fields and turbine operation. Computing u∗ and Ri
requires simultaneous measuring of wind data, one at the hub-height of the turbine
and the other at a different height above the ground, along with other ambient
atmospheric data such as pressure, relative humidity and temperature.
• It was interesting to observe that the Gaussian wind field from IEC resulted in a
degree of non-Gaussian rotor loads. Further study can be aimed to understand if
the FAST simulation is responsible for the non-linearity of the aerodynamics and
the turbine components.

Such large-scale fluctuations having a non-linear

response can also be noise rather than the non-linearity associated with the
aerodynamics and response of machine components. This can be further analysed
using a suitable approach, such as by use of the non-linear Langevin
equation [150], to understand if the intermittency in the rotor loads is actually
caused by the response of the machine or whether it is the ‘fingerprint’ of the
turbulence in the wind.
• The intermittent wind dynamics or intermittency of turbulence in the wind field
was seen to have a notable impact on the wind turbine loads. As wind model in
the current standard does not consider the non-Gaussanity in the wind field, this
concept of advanced wind statistics should be incorporated in the standard when
revising or developing a new wind model applicable for turbines that are to be
installed in non-standard operating sites.
• With these extensive analyses, future work can be aimed at developing turbulence
models that are capable of addressing the terrain-specific wind conditions.

8.6

Concluding remarks

Although SWTs are being installed in urban areas, current studies are still insufficient to
understand the non-standard wind conditions in urban areas and the impact of terrain
on the operation of SWTs. Complex wind dynamics in non-standard sites exist that are
not addressed by the current small wind turbine design standard IEC 61400-2. The
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results obtained from this analysis of measured data and simulation of turbine
performance in a built-up site are vital as they show a clear deviation from the model
estimates of the standard. The obtained results clearly show that urban terrain has an
elevated level of turbulence and imposes larger fatigue loads on turbine components.
Understanding the impact of terrain and turbulence on the turbine’s operation and
fatigue loads is not a trivial task.

It demands more scrupulous site assessment

technology and application of appropriate statistical methods to accurately construe the
nature of the wind field.

The works detailed in this thesis have presented these

methods and have inferred the impact of a complex wind field on the power
performance and fatigue loads of a 5 kW HAWT. The results from this study have also
addressed a major research gap and can be a strong point of reference to consider
modification of the current wind model in the standard or design a new wind model
suitable for such turbulent sites. This would assist wind turbine designers in future to
develop cost-effective and structurally robust turbines, assuring their safe and reliable
performance in built-up sites.
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Appendix A

One-point statistical values of the
selected wind data sets from PK, OG
sites and IEC
Appendix A tabulates the values of the one-point statistics of the selected typical and
non-typical wind sets at the Port Kennedy and Östergarnsholm sites. The values of
the mean wind speed and their corresponding standard deviations and longitudinal
turbulence intensities at three mean wind speeds are given in Table A.1.
The data measurement at Port Kennedy was at 14.44 m. Table A.2 gives the mean and the
standard deviation of the selected wind records at this height, 4 typical and 4 non-typical
sets, at the three wind speed bins of 4-5 m/s, 7-8 m/s and 10-11 m/s. Additionally, the
extrapolated values of the mean, standard deviation and the corresponding longitudinal
turbulence intensities of the selected wind speed records are also given at the hub-height
of 18 m.
Likewise, the data measurement at Östergarhsholm was at 17 m. Table A.3 contains the
mean and the standard deviation of the selected data sets at the measured height along
with mean, standard deviation and longitudinal turbulence intensity at the extrapolated
height of 18 m.
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Table A.1: Values of mean wind speed and corresponding standard deviations and
turbulence intensities for IEC wind cases

IEC

Location

Wind speed

H

HH=18 m

TIu at 18 m

(m/s)

U

σu

U

σu

(%)

4.50

-

-

4.50

1.39

30.95

7.50

-

-

7.50

1.79

23.92

10.50

-

-

10.50

2.17

20.72
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Table A.2: Values for the selected typical and non-typical mean wind records and their
corresponding standard deviation and longitudinal turbulence intensities from Port
Kennedy
Location

Wind speed bin
(m/s)

Port Kennedy typical

4-5

7-8

10-11

Port Kennedy non-typical

4-5

7-8

10-11

H=14.44 m

HH=18 m

TIu at 18 m

U

σu

U

σu

(%)

4.09

1.38

4.36

1.47

33.73

4.09

1.37

4.37

1.46

33.54

4.24

1.43

4.53

1.53

33.82

4.40

1.49

4.7

1.59

33.90

7.10

2.05

7.58

2.19

28.95

7.20

2.09

7.70

2.23

28.96

7.39

2.21

7.89

2.26

28.71

7.39

2.09

7.89

2.23

28.26

10.25

2.64

10.95

2.82

25.78

10.37

2.65

11.09

2.83

25.56

10.38

2.74

11.06

2.92

26.32

10.46

2.78

11.18

2.97

26.55

4.04

2.69

4.32

2.88

66.57

4.47

3.23

4.78

3.45

72.20

4.58

2.75

4.90

2.94

59.89

4.69

2.66

5.02

2.84

56.66

7.27

2.74

7.77

2.92

37.63

7.31

2.77

7.81

2.96

37.86

7.35

2.47

7.85

2.64

33.66

7.42

2.51

7.93

2.68

33.79

9.94

2.96

10.62

3.16

29.78

10.08

3.19

10.77

3.41

31.63

10.19

3.02

10.88

3.22

29.62

10.19

3.14

10.89

3.36

30.81
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Table A.3: Selected mean values for typical and non-typical wind cases and their
corresponding standard deviation Östergarnsholm
Location

Wind speed bin
(m/s)

Östergarnsholm typical

4-5

7-8

10-11

Östergarnsholm non-typical

4-5

7-8

10-11

H=17 m

HH=18 m

TIu at 18 m

U

σu

U

σu

(%)

4.01

0.56

4.03

0.57

14.05

4.22

0.59

4.24

0.59

14.00

4.41

0.59

4.43

0.59

13.27

4.53

0.63

4.56

0.63

13.84

7.14

0.95

7.18

0.96

13.37

7.31

0.98

7.36

0.99

13.46

7.72

1.03

7.76

1.03

13.28

7.79

1.03

7.83

1.04

13.26

10.53

1.33

10.59

1.34

12.67

10.55

1.33

10.61

1.34

12.60

10.60

1.34

10.66

1.35

12.66

10.64

1.39

10.7

1.4

13.08

4.09

2.12

4.12

2.13

51.82

4.40

1.09

4.42

1.1

24.94

4.68

1.12

4.71

1.12

23.85

4.84

1.31

4.87

1.32

27.08

7.02

1.56

7.06

1.57

22.22

7.25

1.62

7.29

1.63

22.37

7.50

1.32

7.54

1.32

17.71

7.83

1.36

7.88

1.37

17.32

10.32

1.66

10.38

1.67

16.11

10.52

1.52

10.58

1.53

14.58

10.8

1.74

10.87

1.75

16.12

10.97

1.86

11.04

1.87

16.92
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Appendix B

Tabulated mean values with PK, OG
and IEC wind data sets from FAST
output
Appendix B contains the mean values of range of outputs obtained from FAST
simulations of the 5 kW Aerogenesis HAWT. These mean values are due to the selected
wind cases, both typical and non-typical cases at the three wind speed bins of 4-5 m/s,
7-8 m/s and 10-11 m/s, from both Port Kennedy and Östergarnsholm wind data sets,
as mentioned in Chapter 5.
Table B.1 lists the mean values of different output parameters related to the simulation
at three wind speeds of 4.5 m/s, 7.5 m/s and 10.5 m/s with IEC Kaimal turbulence
model. Similarly, Table B.2 and B.3 lists the mean values of FAST outputs obtained due
to the selected four typical and four non-typical ten-minute records with Port Kennedy
data sets at 4-5 m/s, 7-8 m/s and 10-11 m/s bins respectively. Likewise, the mean
values of the FAST output parameters with Östergarnsholm wind cases at the same
wind speed bins are given in Table B.4 and B.5.
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220

full and half cycles

343.41

10.50

2 with

216.78

7.50

full cycles only

177.78

4.50

1 with

(rpm)

Rotational speed

(m/s)

Wind speed

8.43

7.78

11.20

[-]

TSR

83.83

49.39

13.05

(Nm)

blade1 EBM

542.31

306.78

151.76

(Nm)

blade1 FBM

969.33

443.59

197.27

(N)

Rotor Thrust

168.63

98.90

26.15

(Nm)

Rotor Torque

6240.62

2372.32

514.30

(W)

Rotor Power

Table B.1: IEC wind data sets FAST output: Mean values

5991.02

2277.43

493.73

(W)

Gen Power

145.57

95.23

49.10

(Nm)

DEL range1

164.64

113.48

55.47

(Nm)

DEL range2

221

10-11

7-8

4-5

(m/s)

Wind speed bin

176.71

176.11

177.02

179.60

221.67

222.35

230.04

230.40

398.26

397.93

406.93

413.61

2

3

4

1

2

3

4

1

2

3

4

(rpm)

Rotational speed

1

10-min set

9.61

9.38

9.15

9.35

7.98

7.98

7.93

8.02

11.05

11.46

11.98

11.43

(-)

TSR

83.48

81.75

83.01

81.08

55.89

55.40

52.24

51.28

15.19

14.45

12.60

12.89

(Nm)

blade1 EBM

608.44

597.29

590.97

589.74

338.75

336.41

317.44

314.76

160.31

156.00

148.01

148.78

(Nm)

blade1 FBM

1207.70

1198.96

1178.23

1155.62

505.38

502.31

466.26

460.49

210.86

204.49

191.56

193.68

(N)

Rotor Thrust

165.13

162.52

165.91

161.44

111.47

111.17

104.77

101.87

30.68

29.04

25.27

25.83

(Nm)

Rotor Torque

7507.97

7321.76

7215.08

7140.37

2931.31

2924.73

2652.00

2574.23

616.59

581.32

495.77

522.91

(W)

Rotor Power

7207.74

7028.77

6926.47

6854.86

2814.05

2807.72

2545.94

2471.26

591.92

558.07

475.93

502.00

(W)

Gen Power

Table B.2: Port Kennedy typical wind data sets FAST output: Mean values

176.69

193.51

187.57

163.64

94.61

91.16

111.63

104.17

49.70

37.08

48.30

40.94

(Nm)

DEL range1

212.27

205.60

216.37

173.66

129.77

120.36

122.44

130.53

59.47

44.92

53.70

51.18

(Nm)

DEL range2

222

10-11

7-8

4-5

(m/s)

Wind speed bin

179.22

186.06

176.07

175.20

244.27

251.93

242.49

247.45

377.92

395.67

388.25

376.94

2

3

4

1

2

3

4

1

2

3

4

(rpm)

Rotational speed

1

10-min set

9.02

8.92

9.19

8.97

8.57

8.45

8.81

8.67

10.18

12.51

6.90

7.34

(-)

TSR

85.24

78.74

75.24

75.44

53.36

53.49

51.27

51.93

24.10

24.28

24.00

18.94

(Nm)

blade1 EBM

571.58

566.09

565.38

547.71

348.84

344.78

345.75

340.54

182.58

180.13

192.36

161.17

(Nm)

blade1 FBM

1090.88

1166.14

1176.62

1092.95

554.19

540.84

558.18

538.58

247.63

248.61

258.88

212.88

(N)

Rotor Thrust

168.92

156.96

150.14

151.35

107.16

107.37

102.34

104.74

47.95

48.35

47.71

37.31

(Nm)

Rotor Torque

6879.70

6837.23

6839.00

6528.93

3198.31

3116.38

3202.81

3125.25

1042.80

1146.23

1009.56

789.29

(W)

Rotor Power

6604.47

6563.69

6565.42

6267.80

3070.36

2991.69

3074.69

3000.24

1001.09

1100.38

969.18

757.73

(W)

Gen Power

Table B.3: Port Kennedy non-typical wind data sets FAST output: Mean values

182.34

279.79

193.90

162.94

112.45

81.92

143.67

125.07

79.28

67.22

67.53

74.59

(Nm)

DEL range1

205.77

366.96

288.00

204.77

137.38

149.61

198.50

149.53

83.45

87.83

79.58

95.21

(Nm)

DEL range2

223

10-11

7-8

4-5

(m/s)

Wind speed bin

172.84

175.09

177.31

178.77

209.05

211.37

215.95

218.78

342.88

340.68

341.57

352.74

2

3

4

1

2

3

4

1

2

3

4

(rpm)

Rotational speed

1

10-min set

8.46

8.24

8.25

8.32

7.35

7.34

7.59

7.69

10.38

10.58

10.93

11.38

(-)

TSR

86.81

89.06

88.38

87.17

54.93

54.10

47.84

45.00

12.79

11.69

10.08

8.35

(Nm)

blade1 EBM

567.08

558.27

556.68

557.21

327.37

321.36

299.65

289.34

156.75

150.76

141.97

132.80

(Nm)

blade1 FBM

1007.32

976.32

971.27

973.70

470.25

459.07

423.87

406.98

203.33

194.29

181.53

168.24

(N)

Rotor Thrust

174.42

177.63

176.31

174.59

109.83

108.20

95.80

90.00

25.78

23.34

20.06

16.71

(Nm)

Rotor Torque

6533.24

6398.97

6349.95

6349.17

2568.75

2486.75

2154.98

2003.27

490.97

440.12

373.73

307.77

(W)

Rotor Power

6271.92

6143.04

6095.96

6095.18

2466.00

2387.29

2068.79

1923.14

471.33

422.52

358.78

295.46

(W)

Gen Power

Table B.4: Östergarnsholm typical wind data sets FAST output: Mean values

73.00

71.84

82.59

66.18

36.33

46.03

22.52

25.72

12.41

15.61

12.74

6.34

(Nm)

DEL range1

89.14

88.10

93.94

80.69

60.99

51.85

34.39

35.29

17.27

21.49

19.62

13.43

(Nm)

DEL range2

224

10-11

7-8

4-5

(m/s)

Wind speed bin

152.77

176.99

180.50

181.75

207.31

212.12

216.78

223.94

339.91

339.98

366.12

385.70

2

3

4

1

2

3

4

1

2

3

4

(rpm)

Rotational speed

1

10-min set

8.89

8.58

8.22

8.39

7.49

7.62

7.83

7.89

10.35

10.39

10.88

11.73

(-)

TSR

86.42

87.74

86.80

83.14

55.82

50.97

48.35

44.05

16.38

15.16

12.07

14.96

(Nm)

blade1 EBM

597.32

578.00

549.76

541.46

335.17

313.94

299.51

281.65

168.28

164.54

149.17

139.44

(Nm)

blade1 FBM

1129.62

1064.65

970.06

952.17

488.29

449.96

426.67

397.00

222.62

215.45

193.14

184.93

(N)

Rotor Thrust

172.07

173.81

174.09

165.96
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96.55
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33.14

30.37

24.37
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Rotor Power
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6033.57
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Table B.5: Östergarnsholm non-typical wind datasets FAST output: Mean values
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64.29
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68.20

43.74

40.53

30.20

32.03
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23.34

28.43

22.58

(Nm)

DEL range1

107.33

109.17

99.43

89.49

82.33

63.90

68.20

57.24

39.80

40.65

35.76

42.28

(Nm)
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Appendix C

Tabulated maximum values with PK,
OG and IEC wind data sets from
FAST output
Appendix C contains the maximum values of range of outputs obtained from FAST
simulations of the 5 kW Aerogenesis HAWT. These max values are due to the selected
wind cases, both typical and non-typical cases at the three wind speed bins of 4-5 m/s,
7-8 m/s and 10-11 m/s, from both Port Kennedy and Östergarnsholm wind data sets,
as mentioned in Chapter 5.
Table C.1 lists the maximum values of different output parameters related to the
simulation at three wind speeds of 4.5 m/s, 7.5 m/s and 10.5 m/s with IEC Kaimal
turbulence model. Similarly, Table C.2 and C.3 lists the maximum values of FAST
outputs obtained due to the selected four typical and four non-typical ten-minute
records with Port Kennedy data sets at 4-5 m/s, 7-8 m/s and 10-11 m/s bins
respectively.

Likewise, the maximum values of the FAST output parameters with

Östergarnsholm wind cases at the same wind speed bins are given in Table C.4 and C.5.
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Rotational speed
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408.9

(Nm)

blade1 FBM

3348

1579

549.1

(N)

Rotor Thrust

199.8

199.7
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(Nm)

Rotor Torque

Table C.1: IEC wind data sets FAST output: Maximum values
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10-11
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Wind speed bin

470.4
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4

1

2

3

4
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1

449
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4

3

213.70

3
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207.00

2

2
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1
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316.3
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190.3

111.50

101.80
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blade1 FBM

3845
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(N)
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Table C.2: Port Kennedy typical wind data sets FAST output: Maximum values
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1825

3073
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Rotor Power
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8761

2749
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1752

2950

(W)

Gen Power
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Wind speed bin
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4

1

2

3

4
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1
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242.30

4

3
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3
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2
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199.5

199.6
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Table C.3: Port Kennedy non-typical wind data sets FAST output: Maximum values
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Table C.4: Östergarnsholm typical wind data sets FAST output: Maximum values
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Wind speed bin

387.9
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4

1

2
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217.7
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2
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(rpm)
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101.7
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903.6
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2613
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1860
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390.9
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Rotor Thrust
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199.8
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76.82
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83.58

94.57
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4736
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(W)

Rotor Power

Table C.5: Östergarnsholm non-typical wind data sets FAST output: Maximum values

12650

13050

11960

10240

7068
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5710

4547

1575

2426

1735

2005

(W)

Gen Power

Appendix D

Rotor loads statistics from FAST
output
Appendix D contains the plots for the ten-minute statistics for rotor thrust, torque and
blade load in terms of mean, minimum, maximum and the variation in the values within

±1 standard deviation,as discussed in Chapter 6.
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Figure D.1: Ten-minute statistics for blade root FBM with ± 1 standard deviation, for
PK, OG and IEC wind cases

231

Mean

Max

+1 std

-1 std

IECmean

6000

IECmax

6000

Rotor Thrust, [N]

Rotor Thrust, [N]

5000

4000
3000
2000
1000
0

4000
3000
2000
1000

4

5

6

7

8

9

10

0

11

4

5

Wind speed bins, [m/s]
6000

6000

Port Kennedy, non-typical
Rotor Thnrust, [N]

Rotor Thrust, [N]

4000
3000
2000
1000
4

5

6

7

8

6

7

8

9

10

11

Wind speed bins, [m/s]

5000

0

IEC-1std

Ostergarnsholm, typical

Port Kennedy, typical
5000

IEC+1std

9

10

Ostergarnsholm, non-typical

5000
4000
3000
2000
1000
0

11

4

5

Wind speed bins, [m/s]

6

7

8

9

10

11

Wind speed bins, [m/s]

Figure D.2: Ten-minute statistics for rotor thrust with ± 1 standard deviation, for PK,
OG and IEC wind cases
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Figure D.3: Ten-minute statistics for rotor torque with ± 1 standard deviation, for PK,
OG and IEC wind cases
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