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ABSTRACT

Currently there is significant research into the inclusion of localised active flow control
on wind turbine rotor blades, with the aim, in conjunction with collective and individual
pitch control, of improving the aerodynamic performance of the rotor. These blades are
termed smart rotors. The unique contribution of this research is the application of It-
erative Learning Control to wind turbine smart rotors to reduce blade loading from lift
disturbances. The smart devices act locally, at different spanwise positions, and include
actuation to manipulate local lift (e.g. trailing edge flaps, blowing/suction, circulation
control); sensing to determine the current turbine loading (e.g. pressure sensors, strain
gauges, LIDAR); and a suitable control scheme to achieve predefined objectives. The
principal objective is to reduce fatigue loads, although mitigating the effects of extreme
loads is also of interest. The reduction of these loads leads to lighter, larger and more
reliable turbines. Traditionally blade loads have been managed using stall regulation,
pitch control, torque control or a combination of all three. Smart rotors are an evo-
lutionary step in the control of turbines and have the advantage of deploying variable
control along the blade with quicker response times to variations in flow conditions,
leading to a potential increase in energy production, an increase in turbine reliability
and a reduced energy requirements. The aerodynamic loads on a wind turbine blade
have periodic and non-periodic components, and the nature of these strongly suggests
the application of iterative learning control. The research within this PhD thesis em-
ploys a 2D computational fluid dynamics model (vortex panel method), with nonlinear
wake effects, to represent flow past an aerofoil. The CFD model uses a potential flow
approximation which is valid for inviscid and attached flow only. This is acceptable
because smart devices typically operate under such conditions. Circulation control (ac-
tuation) and pressure sensors (load sensing) are modelled to represent a 2D section of a
smart rotor. The model is used in conjunction with a first-order lag actuator model to
undertake a detailed investigation into the level of control possible by, as in other areas,
combining iterative learning control with classical control action with emphasis on how
performance can be effectively measured. Typical turbine flow regimes are simulated by
generating multiple upstream vortices, drifting turbine time periods, stochastic inflow
conditions and a combination of all three regimes. Results indicate that cyclical and
stochastic loadings on turbine blades can be effectively managed using Iterative Learn-
ing Control, with significant reductions in both fatigue and extreme loads for a range of

flow conditions.
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Ve Turbine axial velocity
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Chapter 1

Introduction

1.1 Overview

The cost of energy is always the driving factor in wind turbine design. Cost of energy is
defined as the total lifecycle cost (manufacture, transportation, installation, operation,
disposal) divided by the total energy capture over the life of the machine. Figures vary
widely depending on the factors considered but a levelised cost reference is given in
MacDonald (2010) where offshore wind is estimated at £160/MWh; onshore wind at
£93/MWh; coal (with carbon capture and storage) at £150/MWh; gas (with carbon
capture and storage) at £80/MWh; and nuclear at £99/MWh. Turbines are now man-
ufactured with power ratings of TMW (~80m blade length) and designs for 15MW+
turbines are being considered for the offshore environment. These ever increasing rotor
sizes are due to the fact that power output is proportional to the swept area and the
cube of the velocity. Increasing the rotor size, in combination with the more consistent
winds at sea and increased planning restrictions onshore, is leading to turbines becoming
more popular offshore. The environment offshore is very harsh and maintenance costs
are high. This has led to an increased focus on improving the reliability of turbines, in

conjunction with improved energy capture.

A large percentage of the failures on a turbine are associated with the transmitted loads
from the blades. The theory is that if the fatigue and extreme loads on the blades can
be managed more effectively, then the maintenance requirements will reduce. The blade
loads are a direct consequence of the aerodynamic loading, therefore manipulating the
aerodynamics of the blade results in control over the loads experienced by the system.
Existing production turbines take advantage of collective pitch control (Wright, 2004)
and individual pitch control to manage the loads (Thomsen et al., 2008). This method
has shown some success but the systems suffer from slow actuation and the lack of
ability to mitigate against spanwise load variations. The concept of the smart rotor

has been introduced as a remedy to this problem. The idea is to manipulate the lift

1
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Figure 1.1: Impression of wind turbine smart rotor with trailing edge flaps
(TuDelft, 2012)

at different positions along the blades to meet set control objectives (e.g. reduce loads,
increase power). Methods of controlling the local lift are vast and much can be learnt
from the aircraft and rotorcraft industries (Straub, 1996). The most obvious smart rotor
actuation method, which is already in use on aircraft wings and helicopter blades, is the

use of trailing edge flaps, as shown in Figure 1.1.

Load reduction for reduced maintenance and increased component lifespan is probably
the driving force behind the smart rotor but the concept also benefits other aspects of
the cost of energy equation. Reducing the loads leads to less material requirements and
hence reduced manufacturing costs for a given rotor size. However, less materials also
means a reduction in strength and stiffness, and an increase in machine dynamics, which
in turn requires higher performance control. The increased flexibility is of significance
when considering the fact that changing loads change the airflow over the blade, thus
the aerodynamic loading, compounding the complexity of the aeroelastic system. Ng
et al., (2015b) investigates this issue using an aeroservoelastic state-space vortex lattice
model. Reduced loads also enables an increase in the size of the rotor, which leads to
an increase in energy capture. The smart rotor can also be operated to increase energy
capture at below rated power by improving aerodynamic efficiency and increasing loads.
The disadvantages to smart rotors include added weight and complexity, and increased
maintenance and equipment costs. Overall it has yet to be seen whether the added

value brought by smart rotors outweighs the added systems costs, but it is certain that
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Figure 1.2: Stochastic and deterministic disturbances experience by a wind
turbine (TuDelft, 2012)

improvements in smart rotor modelling and controller design are required if progress
is to be made. Hal, (2002) gives a thorough analysis of the design of a wind turbine
and the environment in which they operate. The critical aspect in terms of active load
control is to understand the nature of the system dynamics and the load variations
imposed. The loads experienced by the turbine are commonly caused by stochastic and
deterministic disturbances. Stochastic components are random, the most of obvious of
which is the variable nature of the wind itself. The wind varies in both frequency and
magnitude and each change produces a variation in aerodynamic load, which then passes
through the turbine system. Deterministic components are fluctuations associated with
the periodic nature of a turbine and include factors such as the atmospheric boundary

layer, stator-rotor interaction and yaw misalignment, as shown in Figure 1.2.

Both types of disturbances create loads that require managing. Deterministic distur-
bances tend to be easier to mitigate against as their period and magnitude can be
relatively easily estimated from other turbine data (e.g. rotor speed, blade root strain

Sensors).

The effect of the wind loads onto the turbine can then be categorised into fatigue and
extreme loads. As the name suggests, fatigue loads are linked to the repetitive stresses
onto the system. The cumulative effect of these relatively smaller disturbances can cause
part of the system to fail. Miners rule is used across many industries as a method to
estimate the cumulative fatigue loading from a combination of different frequency and
magnitude disturbances (Sutherland and Mandell, 2004). Extreme loads are associated
with one-off, rare events that cause a significant peak in the blade loading. There are

many extreme load sources, for example a freak gust or a sudden system failure. Smart
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Figure 1.4: Wind turbine parameters associated with the blade element ap-
proach (Port-Agel et al., 2011)

rotors are aimed at mitigating against both types of loading. This report considers the
local effect of a smart rotor device so it is useful to consider the typical loads onto a

blade at a 2D section as shown in Figure 1.3.

The figures shows the variation in angle of attack (a) and relative wind speed (V,¢)
onto the blade at a cross-section at approximately 30m span along a 45m blade. The
relative wind speed comprises of the axial oncoming wind speed (V) and the tangential

speed due to the rotation of the turbine (Qr), as shown in Figure 1.4.

The lift on the 2D aerofoil section is proportional to the aerofoil lift coefficient (itself a
function of angle of attack) and the square of the relative wind speed. The lift variation,
which requires estimation from a choice of sensors, will show a similar fluctuation to the
wind speed and AoA variations in the time domain. The rotation speed of the turbine
(~ 15rpm) can be seen in the period of the dominant frequency (~ 4 seconds), along
with higher frequency disturbances. Figure 1.5 shows the mapping of the blade position
to the velocity at 30m along the blade.

It is assumed here that a constant lift at all 2D sections results in significant load
reduction, therefore the aim of the smart rotor system is to attenuate these disturbances

to a constant value. This research will demonstrate the use of Iterative Learning Control
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Figure 1.5: Velocity fluctuations at 30m span mapped to approximate blade
position

applied to a simple CFD model of a 2D section of a smart rotor device to achieve this

alm.

The concept of using smart devices for active load control has been in existence for a
number of years, originally developed in the rotorcraft (Straub, 1996) and aerospace
industries (Stanewsky, 2001). Johnson et al. (2008) and Barlas and van Kuik (2010)
give an overview of the state of the art smart rotor control for wind turbines. The
topic is highly interdisciplinary and as such the literature review will be divided into 5
areas; active flow control, actuators, sensors, control and aerodynamic modelling. The
introduction also includes an overview of Iterative Learning Control and methods for
estimating the lift experienced by a blade. Chapter 2 outlines the flow model used and
its verification. Chapter 3 designs simple phase lead and P-type ILC for oscillatory and
vortical flow using the direct lift from the model. Chapter 4 describes the pressure sensor
arrays used to estimate the lift. Chapter 5 tests the designed ILC scheme for a range
of flow conditions using both direct and estimated lift. Chapters 6 and 7 conclude the

work and provide suggestions for future work.

1.2 Active Flow Control

There are four parameters in the lift equation that can be manipulated for the purposes

of wind turbine load control:

1. Blade incidence angle (variable pitch and/or predetermined blade twist)
2. Flow velocity (variable rotor speed)
3. Blade size (variable blade length)
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4. Blade section aerodynamics (active flow control)

Modern turbines take advantage of (1) and (2), while (3) and (4) are concepts that are
currently in the prototyping stage. (1), (2) and (3) can be used to mitigate against low
frequency fluctuations but higher frequency spanwise fluctuations require the application
of (4). These spanwise velocity fluctuations increase in frequency and magnitude as blade
diameter increases. (1) can be manipulated by using individual/collective pitch variation
but suffers from slow actuation (therefore not quick enough to capture gust effects) and
an inability to mitigate against spanwise flow variations. Passive blade/twist (Maheri
and Isikveren, 2009) (i.e. blades twisting in a predetermined way when aero loads are
applied) can react against spanwise variations but are associated with the disadvantage of
reduced energy capture and increased manufacturing costs. (3) has been prototyped but
adds significant complexity and cost to the system (Pasupulati, 2005). (4) is therefore
being investigated as a means to control low and high frequency, spanwise load variations.
Active flow control senses local changes in flow conditions and acts to counter any
negative effects. If used incorrectly, active flow control can have a negative impact on
performance. Smart structures are an integral part of active flow control and defined by
Chopra (2002): “a smart structure involves distributed actuators and sensors and one
or more microprocessors that analyse the responses from the sensors and use integrated
control theory to command the actuators to apply localized strains/displacements to

alter the system response”.

The benefits of active flow control have been investigated in the rotorcraft industry for
a number of years. Chopra (2002) gives a thorough overview of smart and integrated
structures, with application focused towards rotorcraft. Dieterich et al. (2006) shows
results from the installation of a full scale rotor with active trailing edge control. In
the wind industry a number of studies have been carried out outlining the benefits of
active flow control, the European project UPWIND (Barlas et al., 2006) being a good

example.

The three main control objectives are to control the torque/power experienced by the
drive train; increase fatigue life of components; and maximise energy production. These
three needs have to be balanced and the strategy deployed is dependent on the operating
region of the turbine, which in turn is dependent on the wind speed. At below rated
power the pitch is fixed and the rotor speed varied to control the torque, with the aim of
maintaining the optimum tip speed ratio. In contrast, at rated and above rated power,
the rotor speed is constant and the blades pitched to keep the turbine within load/torque
limits. Active flow control and smart rotors can be beneficial across the operating range;
applied at below rated power to increase loads and at/above rated power to reduce load

fluctuations, as shown in Figure 1.6.
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Figure 1.6: Typical turbine power curve showing control system operating
ranges (WindPower, 2012)

Flutter is also an important consideration and further research is required into active flow
control device performance in flutter conditions as limited studies have been carried out.
Politakis et al. (2008) reviews how actuated trailing edge flaps can be used to suppress

classical flutter.

In addition to the effects of geometric changes, active flow control can change the flow in
three ways - delay/advance transition; suppress/enhance turbulence; and prevent/pro-
mote separation. Changing these flow phenomena results in an effect on drag, lift, mixing
levels, heat transfer and flow induced noise. These effects tend to be interdependent;
therefore design trade-offs in active flow control are often required. Wind turbine appli-
cation of active flow control mainly concerns the manipulation of lift and noise. Active
flow control devices can be split into passive and active (predetermined and interactive).
Predetermined active devices are on all the time and independent of any system param-
eters, while interactive active devices can be either open loop (output not considered)
or closed loop (feedback and action based on error between target and actual values).
Closed loop active gives better performance and therefore is widely accepted to be the

most suitable for smart rotors.

1.3 Actuator Devices

Johnson et al. (2008) gives a thorough overview of potential actuator devices for the
smart rotor concept. The report focuses on the devices and the generated flow phenom-
ena. Figure 1.7 summarises the relevant devices for wind turbine application. Delay
stall (DS) devices are not suitable for load control because they are not very effective
at decreasing lift. A method for using DS devices for load control involves redesigning
the blade to operate at lower lift values. The DS devices are then used to increase

the lift when required, to balance the loads. However, this involves the costly process
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Figure 1.7: Possible active flow control devices: G = geometric device, F =
fluidic device, P = plasma actuators, TE = trailing edge, LE = leading edge,
MC = mid-chord, I = device increases lift, D = device decreases lift, DS = delay
stall, S = Steady (Johnson et al., 2008) (note circulation control here refers to
a aerofoil using the coanda effect on the trailing edge)

of fundamental blade redesign and reduced power output. DS devices can be used to
increase the maximum lift coefficient and therefore reduce the chord length but their
suitability for control is limited. Consequently, only devices (1) (2) (3) (4) (5) and (9)

from Figure 1.7 are considered suitable.

Traditional trailing edge flaps appear to be the favoured device for most turbine manu-
facturers at present and have been extensively researched in the context of wind turbine
load control, for example Frederick et al., (2010). While suitable for proof of concept,
traditional trailing edge flaps may not be the final solution. It is possible that one of
the other systems in Figure 1.7 will have to be developed further. The compact trailing
edge flap seems to be too complex a solution and the adaptive trailing edge geometry
has limited deflection range. Both these variations also share the problem of needing
a high voltage supply. The active compliant wing appears to be a suitable option with
flexsys Inc recently testing their product on a business jet (FlexSys et al., 2012). The
active compliant wing offers large deflection rates and improved transient response. The
gradual change in shape means a reduction in flap loads and therefore smaller/lighter ac-
tuation systems can be used. The ACW also offers improved aerodynamic performance

across the operating envelope.

Microflaps also appear to be a promising technology (Eisele et al., 2011). Microtabs,
miniature trailing edge effectors and microflaps are all very similar conceptually. Mi-
croflaps appear to be superior because they offer greater manipulation of the lift than
microtabs and do not require a blunt trailing edge. Microflaps also offer the advantage
of being reasonably easy to install and can potentially be retrofitted to existing wind
turbines. The downside to microflaps is that limited research has been carried out, al-
though a recent report by TU Berlin (Eisele et al., 2011) indicates promising results.

Circulation control (using the coanda effect) is an interesting concept but substantial
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air supply requirements and added complexity make it seem impractical. Moreover, no
load reduction capability analysis has been carried out (only power improvements were

analysed).

A common complaint is that devices lose effectiveness when the separation point moves
forward of the device. This is more common on the suction surface as the angle of attack
increases. Remedies to this problem include integrating devices at the LE and/or devices
on the TE pressure surface. It is clear that the actuator device choice is vast and it is
not clear which device turbine manufacturers will favour. However, it is clear that some
form of deformable trailing edge geometry device is a distinct possibility. This research
will therefore initially be based on the assumption that the actuation device will be
of this form. The choice of actuator device is largely irrelevant in the early stages of
the modelling process but as the project progresses towards consideration of installation
onto actual turbines, the chosen actuation device will have characteristics (bandwidth,
range of motion, speed, feedback forces etc.) that will impose limits on the ILC scheme

and will need to be accounted for in the ILC algorithm.

1.4 Sensor Devices

Sensors are a critical part of the smart rotor system. Sensors relevant to wind turbines
will be reviewed here. The sensors are responsible for determining the fluctuating loads
on a blade section. These loads are fed into the controller and a command is then sent
to the actuation device on a continuous basis. The total aerodynamic loads cannot be
sensed directly, therefore other parameters are monitored and simulation models used

to estimate the loading.

Accelerometers measure the acceleration of a set of transducers embedded into the blade,
and can therefore be used to deduce the velocity and pressure at a given point. Ac-
celerometers are generally used on wind turbines for maintenance monitoring (vibration
analysis and drivetrain monitoring). Their application has not been extended into blade
sensing. Strain sensors are a more likely solution for smart rotor sensing. They broadly
split into electrical and optical sensors. Electrical strain sensors can work on the princi-
ple of resistance, capacitance, photoelectrics or semiconductor physics. The sensors are
placed at particular locations to sense local strains. The most common place to find this
kind of sensing is at the blade root. The strain measurements from the gauges can be
used to calculate fluctuating aerodynamic loads. Strain gauges are mainly used in labo-
ratory tests or on wind turbine prototypes, but not in serial production. With strategic
positioning, electrical strain sensors have the required characteristics (bandwidth, time
response etc.) for use in a smart rotor system. Other practical factors, such as tempera-
ture sensitivity, complex installation and maintenance, lack of robustness, and effects on

structural integrity means they are not commonly used for mass blade sensing. There
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are a wide range of optical strain sensors available but only fibre optic strain gauges have
been proven cost effective for blade sensing. The most common device is the fibre Bragg
grating sensor. They work on the principle of illuminating a fibre core with a spatially
varying pattern of UV light. As the blade and fibre flex, the light is partially reflected
by different variations at each location and from this the deformation and loads on the

blade can be calculated.

Fibre optics are currently used for structural health monitoring of blades and it is ex-
pected application could be extended to aerodynamic load sensing. Fibre optics offer a
number of practical advantages over the traditional electrical sensors: lightweight, wide
bandwidth, simple installation and maintenance, high measurement sensitivity, and high
levels of robustness. The main problem with fibre optic sensing is their sensitivity to
temperature fluctuations, they struggle to distinguish between the effects of tempera-
ture and strain effects. However, this problem can be overcome by integrating a second

temperature filter element to compensate for local temperature fluctuations.

When a material undergoes a small displacement, an acoustic wave is emitted. Acoustic
sensors use transducers, located at strategic locations, to detect these waves. Acoustic
sensing systems can be embedded into blade material but tend to be more suited to
smaller blades. Larger blades means acoustic attenuation starts to become a problem
and obtaining accurate load information may not be possible. Acoustic sensors tend to

be more focused on applications such as test/fatigue monitoring and damage detection.

Pitot tubes and Light Detection And Ranging (LIDAR) technology are other devices
that can be used to give information about inflow disturbances and used as an input to a
smart rotor system. Pitot tubes are commonly used as instrumentation on aircraft and
are used to measure the flow onto the blade. LIDAR is a remote sensor that emits a laser
into the turbine upstream. From the light reflected back off air molecules and aerosols,
estimates can be made about the wind conditions. Lidar technology has the capability to
give accurate information about 3D wind velocities and insights into turbulence, which
could be used to control smart rotor actuators (Wang et al., 2012). The technology is

relatively new and benefits to smart rotors are yet to be quantified.

Pressure sensors located at positions along the blade can be an effective method of
estimating the lift. An understanding of the frequency of the lift fluctuations is required,
as this parameter will determine the number of pressure sensors required. Gaunna and
Andersen (2009) describes a simple thin aerofoil theory based model with trailing edge
flaps that uses two pressure measurements on the upper and lower surface of a 2D aerofoil
as a control input. Andersen (2010) outlines similar experimental studies into using two
pressure sensors near the leading edge to estimate the lift. The excitation frequencies in
the experiment correspond to the once per rotation and 1st flapwise eigenfrequency of a
large turbine. Harmonic trailing edge flap motions were used at low frequencies (1/5 Hz)

and low incidence (4/- 2 deg). These two studies conclude that pressure measurements



Chapter 1 Introduction 11

on the leading edge can be used as a control input for simple, low frequency inflow
conditions. Whilst most of the other sensing devices are reasonably unproven in the
field of wind energy, there is evidence that pressure sensors can be used for smart rotor
control. Pressure sensors are reasonably easy to simulate in the flow model proposed in

this report and therefore initially chosen as the sensing device.

1.5 Control

Kim and Bewley (2007) gives an overview of linear systems and control theory to the
fluid mechanics community. Two different definitions of flow control are proposed: “any
mechanism that manipulates a fluid flow into a state with desired flow properties” and
“the application of a systems and control theory to the Navier-Stokes equations”. The
paper focuses on linear model-based control theory and is focused primarily on the feed-
back problem of inherent time lag within the system. Feedforward controllers navigate
around this problem but they require high fidelity models which can cope with all pos-
sible sensor inputs. The wide range of disturbance types for the smart rotor problem

means pure feedforward control would be too complex.

Preliminary research studies into smart rotor control suggest that controller reliability
has so far been overlooked and the design for optimal controllers is not yet completely
solved (Rice and Verhaegen, 2010). Controller reliability (software and hardware), in
terms of the ability to reduce loads for the entire turbine lifecycle, is a major barrier to
the adoption of smart control on full scale turbines due to the current industry emphasis
on reliability. Effective controllers have been designed but not with inbuilt design driver
factors and questions remain over the reliability of the models to accurately simulate
operation in all operating conditions (Buhl et al., 2005), (Hand et al., 2006). Rice and
Verhaegen (2010) has done some basic work on addressing design drivers by introducing

control cost functions to represent power consumption.

The control objectives of smart rotors tend to focus on load control (fatigue and extreme)
using traditional proportional (P), integral (I) and differential (D) control. Andersen
(2005) simulates PD controlled flaps in three dimensions. The study claims significant
reduction in flapwise blade root moment (60% reduction without signal noise, and 40%
with). However, PID controllers cannot be easily extended to multi-input-multi-output
(MIMO) systems. Attempts to make them MIMO may lead to individual systems com-
peting with each other and lead to poor performance. Feedback control reacts to the
measured effects of inputs and disturbances, and therefore has a time lag. The time
taken for the air to pass over the blade chord is very small (<1 sec at the tip), therefore
the time lag associated with feedback control could have a detrimental effect on local
smart rotor control performance. Research has also been carried out to assess the viabil-

ity of using smart rotors to increase and regulate power. Joncas et al. (2005) indicates
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a 2% increase in power production using flaps, whilst Lackner and van Kuik (2009) a
reduction in power when flaps used at low speeds. Another research requirement lies in

balancing multiple, and possibly conflicting control objectives using smart rotors.

Rice and Verhaegen (2010) generates a smart blade model in a form suitable for the
analysis and design of a feedback controller that is robust to uncertainties and non-
linearities. The paper stresses the difficulty in designing robust/computationally efficient
controllers for distributed systems. The model is basic and more detail is required by
implementing finer discretisation and knowledge of modern distributed control methods.
The author aims to demonstrate how modern robust control techniques can be used on
simple models. The results are qualitative conclusions that can be extended to more
complicated and realistic models. The author does not aim to design a controller for a

real turbine or prove certain control schemes are better than others.

Robust control methods for distributed networks are still in the early stages of devel-
opment and have not yet been implemented on problems like smart rotors. Rice and
Verhaegen (2010) shows how to incorporate uncertainties and bounded non-linearities
into a model suitable for the design of robust control techniques (centralised and dis-
tributed). The feedback control system design is only for coarse grids and centralized

computational techniques.

Rice and Verhaegen (2010) states that models at present do not take into consideration
fundamental limitations of control, reliability and robustness. Wind turbine models do
not fully capture 3D aeroelastic coupling, which means errors in the feedback control

design methods. The impact of time lags on controlling higher modes is highlighted.

Assuming cheap, reliable actuators and sensors, two other main problems have been
identified (Rice and Verhaegen, 2010). Firstly, handling the non-linear dynamics and
aerodynamic coupling is an issue, due to the lack of established optimal controllers
for non-linear systems. Controllers are usually not very robust for non-linear systems
can and become unstable for small deviations from the original model. Wind turbines
are predominantly non-linear and smart control actuators could add additional non-
linearity. A need is identified to add robustness margins to accommodate actual turbine
behaviour. Secondly, the scale of the wind turbine problem and the complexities and
unexpected behaviour when scaling are an issue. Local models have been created but it
has been suggested they are unlikely to work for large turbine blades. Also, distributed
systems on a decentralized structure have been shown to be closed loop unstable (Rice
and Verhaegen, 2010).
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1.6 Aerodynamic Modelling

Wind turbines, by their very nature, interact with the wind in a non-linear manner
and exhibit uncertain dynamics. This makes accurate modelling very difficult, which
is particularly important in the advancement of the smart rotor concept. The wind
industry is conservative and will not test full scale smart rotors until prototypes are

verified against improved simulations.

In Marrant and van Holten (2006), a 3D time varying model of a smart rotor is bench-
marked against a 6MW turbine using a time marching blade element model. It is
assumed that the smart rotor reacts instantaneously to the loads and no direct control
is used. Lackner (2009) generates an aeroelastic model with embedded deformable trail-
ing edge geometries for a 5SMW turbine. Unsteady aerodynamics are modelled and a
control scheme implemented. Andersen et al. (2009) integrates a deformable trailing
edge flap controller into a simulation model of a MW scale variable speed turbine. Ng
et al., (2015a) investigates wind turbine load control using a combination of aeroelastic

tailoring and trailing edge flaps.

Barlas and van Kuik (2010) highlights the main problems in modelling smart rotors
as “defining the unsteady aerodynamic environment; calculating changing aerodynamic
loads; calculating forces under non-attached flow; predicting device wakes; merging de-
vice and rotor aerodynamics, dynamic inflow and time delay on blade loading; and
transferring aerospace knowledge, including macro wind field models.” The author also
identifies the importance of modelling the structural dynamics with the inclusion of
smart devices. Lackner and van Kuik (2010) supports the claim of a gap in aeroelas-
tic modelling, identifying the need to include unsteady aerodynamic and dynamic stall
models. The author analyses the performance of a smart rotor controller, designed for
alleviating fatigue load, during extreme loading events. The author concludes that the

use of trailing edge flaps during above rated conditions reduces loads due to gusts.

Rice and Verhaegen (2010) designs transfer functions for a generic actuator and indi-
cates the need to model specific actuator/sensors properly to achieve reliable controllers.
The author also states that actuator bandwidth and aerodynamic settling time may be
limiting factors, and proposes that the accuracy of modelling actuators is as important

as the actuator design.

Methods used to calculate dynamic loads on deformable trailing edge geometries (DTEG)
from a 2D perspective, can be split into the following categories (with increasing levels

of complexity):

1. Unsteady classical aerofoil theory can be used to calculate the pressure distribution
along a given aerofoil with a DTEG (rigid or flexible). Integrating across the DTEG

section will then yield the loads. These models are only valid for the inviscid/attached



14 Chapter 1 Introduction

flow region (i.e. the effects of dynamic stall and separation are not captured). Vortex

panel methods provide more accurate results for similar flow conditions.

2. Dynamic stall models capture viscous effects for aerofoils with DTEGs but only for
global aerodynamic forces (i.e. Cl, Cm, Cd etc.). Accurate dynamic pressure distribu-

tions are not obtainable from these models.

3. Quasi-steady viscous models can capture pressure distributions for aerofoils with
DTEGSs at set points in a flap cycle. Corrections can be added for the unsteady effects.
Only applicable for low frequency flap movements and low free stream velocities. XFOIL

(1985) is a panel method that can be used in this way.

4. Navier-Stokes CFD can capture dynamic pressure distributions for blades with
DTEGs at different spanwise locations and can capture 3D cross flow effects. Disadvan-
tages include questionable accuracy in deep dynamic stall and associated computational

cost.

1.6.1 2D Unsteady Classical Thin Aerofoil Theory

uj/l

Figure 1.8: Classical thin aerofoil theory (AppliedAero, 2012)

The method models the aerofoil as a number of vortices located along the aerofoil camber
line, Figure 1.8. Theodorsen (1935) was the first to calculate unsteady aerodynamic
forces on an oscillating aerofoil with a aileron for potential flow. All theories in this
section are modifications of Theodorsen (1935) and known as unsteady classical aerofoil
theory. The 2D potential flow assumptions are valid for simulations where the Reynolds
number is high, the Mach number low, the angles of attack small and the aerofoil
relatively thin. These conditions can be found for a proportion of turbine operating
states (Re~1,000,000, tip speed <0.3M). Peters (2008) gives a thorough overview of 2D
incompressible unsteady aerofoil theory. The paper analyses different approaches for
calculating aerofoil and flow field responses due to step responses, aerofoil oscillations
and general motion. Most are based around unsteady classical aerofoil theory (i.e. not
valid at high angles of attack and dynamic stall). The limitations of potential flow
are clearly highlighted. Significant simplifications are present but the models are useful
to gain important information about aeroelastic behaviour and unsteady aerodynamic

phenomena.
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The 70s/80s brought the introduction of rotary wing aerodynamics with returning wakes.
In the 90s, Peters rewrote the 2D theory (Peters, 2008) so the states represented inflow
disturbances, i.e. a feedback system in which the inflow due to the shed wake is an open
loop transfer function. Peters theory can be thought of in terms of two closed loop
problems. Firstly, the backwards loop: given the bound circulation, what is the induced
flow due to the wake. Secondly, the forward loop: given the disturbance of the angle
of attack, what will be the lift (i.e. the bound circulation). The closed loop expressions
can be expressed as transfer functions (Laplace and Fourier domain) and step responses
(time domain). The potential flow equations used stem from the conservation of mass

and momentum principles.

Codes and papers on application of unsteady thin aerofoil theory are readily available.
Mateescu and Abdo (2003) and Sanders et al. (2003) claim pressure distributions (and
therefore loads) for a flexible aerofoil in unsteady conditions. Johnston (2003) calculates
energy requirements of a morphing wing, which implies chordwise loads are calculated.
Gaunaa (2006) proposes a modification of Theodorsen (1935) in the context of wind
turbine smart rotors. Gaunaa (2006) has adapted Theodorsen (1935) for a flexible aero-
foil rather than a rigid flap. Peters (2007) is similar in principle to Gaunaa (2006) in
that it advances classical thin aerofoil theory to include the effects of flexible aerofoils.
The work is based on the potential flow equations and therefore not applicable in dy-
namic stall. Advantages over Gaunaa (2006) include the inclusion of 3D wake effects
and reverse flow. The paper places itself between steady blade element theory and more
advanced CFD approaches. Peters (2007) states that the classic theory proposed can
easily be coupled with dynamic models. The wake / dynamic stall model requires the
global lift as an input from the unsteady aerofoil theory and returns a modified value
that includes dynamic stall effects. The dynamic stall models are not implemented in
this paper. Another advantage of Peters (2007) is its hierarchical format, which requires
only a limited number of terms to capture the essential physics. Vortex panel methods

are a more detailed and accurate modelling method and are discussed in Chapter 2.

1.6.2 Dynamic Stall Models

Larsen (2007) proposes a simplified dynamic stall model for wind turbine aerofoils and
draws comparisons to other common models. It is a good reference in understanding the
mechanisms involved with dynamic stall modelling. Beddoes-Leishman, Oye, Riso, ON-
ERA and Boeing-Vertol models are all explained and analysed. Larsen (2007) outlines
the physical phenomena associated with dynamic stall and splits the available models
into three categories: effects of phenomena modelled (reduced lift curve) (Oye, BL, Riso);
hybrid lift curves (attached and separated flow) (ONERA model); and modifications to
a (Boeing-Vertol model). Larsen (2007) states the goal of these semi-empirical models

are not to capture every variation in the load, but to model the main characteristics in
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a fast way. A complete physical model of dynamic stall based on first principles has not

been developed.

Hansen et al. (2004) presents a dynamic stall model as discussed in Larsen (2007). It
predicts global unsteady forces and moments on the 2D section undergoing arbitrary
motion (heave, lead-lag, and pitch). Effects of shed vortices from the TE and a moving
TE separation point are captured. The non-linear governing equations are linearized
about a steady state for application in stability analysis (with the linearized model
giving the same results for small oscillations). The model is validated against inviscid

solutions and known aerofoil data.

Andersen and Gaunaa (2007) then develops the method in Hansen et al. (2004) to
include the effects of a DTE.G. The model covers an aerofoil in arbitrary motion (heave,
lead-lag, pitch) and TE flapping. The model gives the global unsteady aerodynamic
forces. The models validity is limited to flap deflection of +/- 5 degrees. Andersen
and Gaunaa (2007) expresses that only two state variables in the BL model are used to
describe the dynamic behaviour of the separation point and that the separation point is
related to the pressure distribution over the aerofoil. However, no model is proposed to

correlate these two variables and the association is purely descriptive.

1.6.3 Unsteady Panel Method

The models discussed thus far do not offer the capability to calculate dynamic loads on
DTEGs across all flow conditions, although local dynamic loads for attached flow and/or
global dynamic loads for dynamic stall can be calculated. One option to approximate
the local dynamic loads in the separated region is to create a quasi-steady panel method
capable of outputting pressure distributions at snapshots in the flap cycle. XFOIL (1985)
is a publicly available panel code that can give steady pressure distributions in attached
and separated regions for aerofoils with DTEGs. However, this method would be limited
to low flap frequencies. Lafountain (2010) utilises a similar method. Garca et al. (2011)

is a Quasi 3D code that incorporates both viscous and inviscid effects.

1.6.4 Navier-Stokes CFD

C—

Figure 1.9: CFD visualisation of flow past a 2D section with a deformable
trailing edge Garca et al. (2011)
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Navier-Stokes CFD is the most accurate method of calculating dynamic loads on DTEGs.
Calculating dynamic loads on DTEG aerofoils can be performed using NS-CFD with
varying degrees of complexity, and with it computational cost. The simplest being 2D
dynamic analysis and progressing in complexity towards full turbine modelling with
aeroelastic coupling. 2D dynamic analysis comprises of a DTEG aerofoil operating
across the full range of flow conditions (i.e. attached to deep stall and various inflow
models). Dynamic forces can then be calculated by integrating the pressure distribution
across the DTEG section. Correction factors for 3D effects and aeroelastic effects can
be incorporated. The inputs required for such an analysis are readily available from the

standard blade element method.

Srensen (2010) gives a useful overview of CFD applications in wind energy. It explains
the 2D and 3D EllipSys code (RANS, LES or DES) and its ability to capture dynamic
stall in a moving frame. Srensen (2010), Page 12, shows an animation of dynamic
2D stall pressure distribution and Srensen (2010), Page 13, a visualisation of the 2D
dynamic DTEG prediction of shaft torque for the NREL phase VI are compared with
experimental data. The usual cases are considered (yaw flow, shear effects, deep stall,
nacelle flow, stand still loads). Uncertainty remains about the onset of stall and the

behaviour in this flow region.

In terms of global wind turbine CFD modelling, Rotor Embedded Actuator Control
Technology (REACT) (TSB, 2008) is a helicopter rotor project that could serve as a
useful reference for the wind industry. REACT will likely have developed some efficient
CFD codes for calculating dynamic loads on DTEGs for all flow conditions. Spentzos et
al. (2005) is a generic paper on modelling 3D dynamic stall using CFD. Barakos (2010)
argues that CFD will become more relevant to wind turbine design as Mach numbers
go above 0.3 and enter flow regimes where blade element theory is not valid. However,
it is likely that with increasing rotor size, the rotor speed will be reduced to maintain
optimum tip speed ratio. Another clear disadvantage of the blade element method is the
internal dynamic stall models inability to give dynamic loads in separated flow condition.
This leads to an argument of whether it is worth replacing the blade element model with
an efficient NS-CFD tool coupled with a structural dynamics model. Results from TSB

(2008) may indicate if this is realistic in the near future.

Iradi and Barakos (2010) compares local flow angles calculated from CFD with an instru-
mented NREL turbine. The URANS equations are solved using a multi-block structured
grid with a sliding mesh algorithm. The local flow angles calculated can then be used
in the BEM model if required. Iradi and Barakos (2010) also compares the surface pres-
sure distribution of the NREL turbine with the CFD model. Iradi and Barakos (2008)
indicates it is possible to obtain chordwise pressure distributions for different spanwise

locations.
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Cesnik (2009) compares NS-CFD calculations with low order models for a rotating blade
with a section of DTEG aerofoil. The pressure coefficient on each cell face that lies on
the blade surface is computed within the CFD code. This theory would need to be
modified to include the effects of a dynamic DTEG Barakos (2005b) compares pressure
distributions for a helicopter blade with a trailing edge flap but again, dynamic effects
are not included. Barakos (2009) shows a full wind turbine CFD model with good results
for attached and semi stalled flow. Barakos (2006) offers a more efficient way to model
3D dynamic stall using neural networks. The neural network method is claimed to be
less computer intensive than the ONERA dynamic stall model. Barakos research profile
indicates a move towards a unified CFD code to predict dynamic pressure distributions
on rotating blades with DTEG aerofoil sections. M Potsdam (2010), Chopra (2010), R
Steijl and Barakos (2010) and R Steijl and Barakos (2009) are other relevant works in

this area.

Wall (1999) gives some info about validating CFD against experimental data for un-
steady flow over a helicopter rotor with aerodynamic flaps and Behrens et al. (2011)
obtains unsteady pressure distributions for DTEG aerofoils using an incompressible im-

mersed boundary method.

1.7 Iterative Learning Control

There are three major problems inherent with the smart rotor controllers discussed;
lack of robustness and reliability; time delays associated with the feedback loop; and
dependency on complex aero models. A controller is sought that is effective with a
simple model, stable in all conditions and not affected by time delays. Iterative learning
control can provide such a solution. The initial solution will operate at a local, 2D level

with the view to integrating such schemes into full turbine control.

Repetitive learning control (RLC) could be an effective solution as fluctuating loads on
a turbine are to a large extent periodic. This type of control rejects unknown periodic
disturbances which cause fluctuations in a given parameter. However, RLC is effectively
a feedback controller and therefore carries the problem of the inherent time lag. RLC
also requires knowledge of the disturbance period, and is therefore not suitable for gust
alleviation. Closely linked to RLC is Iterative Learning Control (ILC). ILC acts in a
similar manner to a feedforward controller, therefore the time lag problem is not present
and ILC can potentially eliminate the need for a high fidelity model (Cai, 2009). ILC is
seen as a controller that can have an adaptable control strategy during operation and

handle a sufficiently wide range of disturbance types.

ILC uses information from previous execution(s) to modify the control input to be used
on the next execution and iteratively improve the controller performance. Modifying the

control input is different to most other forms of adaptive control where the parameters in
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a pre-set model are modified. The ILC algorithm produces a control law that generates
a signal to the actuators that will force the error (difference between actual and target
output) to zero after an infinite number of iterations. ILC uses a fixed model and adjusts
its response by filtering the input signal (e.g. pressure sensor data), and is capable of
handling large model uncertainties. Thus, a relatively simple model structure could
be used, giving the required fast response, with the ability to cope successfully with
a variable and not particularly well defined input signal, while continually refining its
action to achieve the desired objective. ILC is therefore well matched to the smart rotor

problem.

A recent survey of the ILC field can be found in Bristow et al. (2006). Note that this
survey concentrates on control of a process with a signal which repeats on a regular
basis, such as a robot that is required to perform the same operation over and over
again (the original framework for ILC). This would be applicable to some scenarios
encountered by a turbine blade (e.g. oscillatory velocity fluctuations associated with
yawed flow), but obviously not others (e.g. wind gusts). However, recent developments
in ILC have led to schemes which can cope with non-deterministic signals (Bristow et
al., 2006). Figure 1.10 shows the principles behind a 2D 1st order ILC system (Bristow
et al., 2006).
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Figure 1.10: ILC principles (Bristow et al., 2006)

ILC can be applied in terms of P-type, D-type and anticipatory approaches. The D-type

ILC is given as:

9(Ejlk] — E;[k —1])
dt

wylk) = ulk] + (1.1)
Where u is the control input; j the iteration number; k£ the time step number within an
iteration; g the gain; E the error (between the target and actual value); and dt the time
step. All values are taken at time ¢, therefore the relationship is algebraic. If there is a

lack of uncertainty and minimum noise in the system, this form of ILC can be used to
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converge the tracking error to zero. However, high order signal derivatives are usually
required which means a D-type ILC algorithm can be difficult to implement. Higher
order derivatives tend to be difficult to measure (robots are usually equipped with joint
position sensors) and signals become noisy when differentiated. The bound size on the

tracking error is proportional to the amount of noise.

P-type ILC controller is given, with a forgetting factor, as:

uji1[k] = u;[k] + g Ej[k] (1.2)

In this case, the learning law does not take into consideration the direction of error
trends. This means that if the error is zero, the controller stops learning. The forget-
ting factor is used to give the controller robustness against uncertainties. In general,
the smaller the forgetting factor, the larger the tracking bound errors. However, the
forgetting factor should be small enough to forget the arbitrary initial guess, therefore

a compromise has to be made.

P and D-type ILC controllers both have shortcomings, therefore an anticipatory ILC

algorithm is introduced:

uj1[k] = uj[k] + g Ejk + Al (1.3)

Where A is a small time step. A causal linked pair in the jth iteration is used to give
the action in the j + 1 iteration. Trends and directional information are captured and
higher order terms avoided. It is critical that noise levels are kept to a minimum in the

measurement to ensure easy implementation.

Freeman et al. (2007) offers a framework in which ILC structures have been evaluated
experimentally for a non-minimum phase plant. Torsionally flexible turbine blades can
become non-minimum phase systems. Phase lead update laws and forgetting factors are
used to overcome problems of instability and convergence of final errors. The algorithm
initially requires a model but is then reformulated to not need a model. Methods for
capturing higher frequencies and practical limitations are considered and the algorithm
performance analysed. Chi et al. (2008) offers an adaptive iterative learning control
(AILC) scheme that introduces a parametric adaption law in the learning process (re-
cursive least squares algorithm). This method could be useful for stochastic disturbances.
Saab (2001) and Saab (2003) introduce ILC algorithms into a stochastic environment,
while Cai (2009) tests stochastic ILC algorithms experimentally.
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1.8 Thesis Goals

This work aims to add to the understanding of how smart rotor systems can reduce
fatigue and extreme load fluctuations on wind turbine blades across typical operating
conditions with particular focus on the application of iterative learning control. Specific

goals are listed below:

1. Aerodynamic model. Most other research into wind turbine smart rotors thus far
have used simple thin aerofoil theory or indicial methods. This work aims to develop
a 2D computationally efficient aerodynamic model that accounts for the aerofoil shape

and circulation control using the vortex panel method.

2. Iterative learning control. Previously ILC has been mostly used in the world of
robotics. The research in this thesis aims to extend the application of ILC into deter-

ministic and stochastic flow control.

3. Smart Rotors. Develop a method of lift estimation that is an adequate input to the
ILC algorithm with the intent of reducing fatigue and extreme loads. Additionally an

understanding of how actuator response rates effect attenuation will be achieved.






Chapter 2

Flow Model

2.1 Validity

The lift of an aerofoil/wing section comes primarily from the pressure exerted by the
fluid on the surface of the airfoil. In normal turbine operating conditions, the angle
of attack is not high enough to provoke separation so the flow remains attached, and
the pressure distribution on the surface of the blade can be calculated by assuming
the flow is inviscid. This greatly simplifies the calculation, and is the approach used
here. However, this does exclude extreme cases such as rapid changes of direction or
shear when separation is provoked. In such extreme situations, any simple model of the
flow of the type considered here may produce inaccurate results. However, full Navier-
Stokes simulations, which will give a complete picture of the flow, are too expensive
computationally to allow detailed investigation of the control methods. Thus, a relatively
simple but usually accurate flow model is employed to investigate feasible control schemes
which could eventually be applied to full scale simulations or experiments. A discrete
vortex method for the two-dimensional incompressible Navier-Stokes equations is used,
as previously developed by Clarke and Tutty (1994).

2.2 Dimensions

Flow past a wind turbine blade has two characteristic time scales, that of the period
of rotation (around 4s for a modern turbine blade) and that for the typical time for
the flow to pass the blade section. While the former remains relatively constant, the
latter varies along the blade, due to both the change in the chord length and velocity
over the blade section. The chord decreases along the blade, from 4m near the hub
to around 1m near the tip for a turbine which with a blade length of 55 m (Vestas
V112-3.0MW), while the velocity increases along the blade. This results in a significant

23
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variation in the characteristic time for the flow to pass the blade. Here we are interested
in situations in which, using the blade as a reference, disturbances are convected past
the blade. Hence the problem is cast in non-dimensional form using the mean free
stream velocity Vi on a blade section and the chord length of the airfoil H as reference
values, as is standard aerodynamic practice. v* = Vv = Vo(vy, 1) are the velocity
components in x* = Hx = H(z,y) , where the asterisk denotes a dimensional quantity.
Time is nondimensionalized using H/V,, so that t* = %t. The variation of time scales
along the blade is now represented by a change in the non-dimensional period of the
rotation, increasing with radius. Non-dimensional quantities will be used in Chapters 3
and 4, and Sections 5.1 and 5.2 where simulated turbine data is used. In Section 5.3,
where real turbine data is used, dimensional values will be applied throughout. When
real turbine flow conditions are used, a specific spanwise position is chosen (i.e. H is
fixed and V is known from the simulink model output) and there is no requirement to

non-dimensionalise the data.

2.3 Vortex Panel Method

A vortex panel method is used to model the incompressible potential flow over a thick
2D aerofoil. The vortex panel method is used extensively throughout aerospace and
forms the basis of standard aerofoil modelling tools such as XFOIL (1985). The method
divides the 2D aerofoil curvature into a number of straight lines and assigns vortex and
source panels to these segments. In the model used throughout this report, vortex pan-
els are placed at a small distance just above the aerofoil surface and source panels just

below, as shown in figure 2.1:

Figure 2.1: Aerofoil curvature (grey) modelled by vortex (red) and source
(green) panels

The panel method is used to satisfy the boundary conditions on the surface of the body
and together the panels simulate the boundary layer around the aerofoil, by creating
circulation and hence lift. A set of 2N discrete panels are used to enforce the boundary
conditions at the surface of the body. There are N vortex panels with constant vorticity
on each panel \;, but with the strength varying between the panels. The vortex panels

operate by setting the tangential velocity at the surface to zero, from which it follows
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that, in principle, the kinematic boundary condition of zero normal velocity is satisfied,
but only within numerical error (see Clarke and Tutty (1994) for details). Here the
vortex panels are augmented by a similar set of N source panels, of strength «;, placed
just below the surface, so that zero normal velocity at the surface is explicitly enforced.
For a body with a smooth shape, usually only vortex panels are used as the source
panels contribute little (k; will be small and tend to zero as N increases), but increase
the computational effort. However, in this work there is a sharp trailing edge, and a
jump in circulation at the trailing edge which is used as actuation. Both of these can
give rise to relatively large numerical errors with vortex panels only. Hence source panels
are also used to improve the accuracy and the numerical conditioning of the procedure.
Details of the vortex and source panels and the velocity fields they generate can be found

in many standard texts (Andersen, 1985).

Combined the source and vortex panels produce a set of 2N linear equations in 2N
unknowns, i.e. \; and x;. However, this problem is not well posed and the matrix will
be singular (within numerical error). This reflects the fact that there is an infinite set
of solutions to the problem of inviscid flow past a body with zero flow across the surface
of the body, with the solution varying with the (arbitrary) lift on the body. Usually,
the physically relevant solution is that with the flow leaving the trailing edge smoothly,
aligned with the trailing edge, known as the Kutta condition (see Andersen (1985) for
details). Although the wall normal velocity is zero, there is a nonzero tangential (slip)
velocity just above the surface. Numerically, the Kutta condition implies that v, = v,
where v, and v, are the tangential velocities in the direction of the trailing edge at

midpoints of the panels adjacent to the trailing edge, as shown in Figure 2.2.

-

Vp

Figure 2.2: Flow at the trailing edge

The system of equations is now overdetermined, with 2N + 1 equations in 2N unknowns.
A well-behaved approximate solution is obtained using a least-squares approach, as in
Clarke and Tutty (1994). The trailing edge condition is satisfied explicitly with this

procedure and the aerofoil pressure distribution can be calculated to obtain the lift.
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2.4 Control Simulation

Trailing edge devices used for lift control act by modifying the flow near the trailing
edge, generating vorticity, and thereby altering the circulation on the body and hence
the lift. For example, a trailing edge flap redirects the flow. This can be modelled in a
simple manner in the current framework by allowing a jump in the tangential velocity
at the trailing edge rather than applying the Kutta condition, which will directly change
the way the flow leaves the aerofoil at the trailing edge. That is, by using v = v, — v, as
the control input and the lift as the output of the system. The control scheme is shown

in Figure 2.3.

TargetLift - Control Output u=v,_v, Lift
——p|  Controller » VPM model b
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Figure 2.3: Simple control scheme

A non-zero value of u directly forces a change in the flow at the trailing edge, and
hence a change in circulation and lift. This provides a relatively simple (compared to a
full Navier-Stokes simulation) but realistic model of the flow and actuation which can
be used to investigate control schemes using trailing edge devices for load control. The
target lift L, is defined as the lift value that the controller drives the aerofoil lift towards,
with the aim of keeping the error (actual lift - target lift) to a minimum. The target
lift is obtained by running the model at the required angle of attack in undisturbed flow
conditions. This method of modelling the trailing edge device also has the advantage of

not having to specify a particular flow control device.

2.5 Vortices (Stochastic Flow)

The base flow consists of the free-stream velocity Vo(t) = (V,2z(t),0) and the velocity

field generated by the vortex and source panels v, (x,t) = (vpx, vpy), the latter including
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the effects of the actuation. In addition, disturbances are introduced into the flow in
the form of discrete vortices. The Euler equations governing two-dimensional inviscid

incompressible flow can be written in vorticity form as

Dw  Ow ow ow

where 5 5
vy Vg
= — — — 2.2
Oxr  Ovy (2:2)

is the (single component of) vorticity, and D/Dt = 0/0t + v,0/0x + v,0/0y is the
material derivative, i.e. the rate of change with time of a material quantity convected
with the flow.

Equation 2.1 is a statement of the fact that in two-dimensional inviscid flow, vorticity
is convected with the flow at the local fluid velocity. Hence the motion of an individual

discrete vortex can be tracked by solving

dx,

dt

= v(xy,t) (2.3)

where x,, is the position of the (core of the) vortex. The complete velocity field v is now

given by the sum of three components

v(x,t) =Vo+v,+ Vv, (2.4)

which are the velocities generated by the freestream, vortex/source panels and vortices

respectively, with

j=1
vy = Z "] (2.5)
M

where there are M discrete vortices. v, j is the velocity field generated by an individual

vortex, given by

) o x — x4 ]) (2.6)

where T'; is the strength of vortex j, F(s) = [Jv(s)ds, and 7(s) is the vorticity dis-
tribution of the core of the vortex. Setting F' = % gives the classic point vortex
representation. However, this is singular at its center x = x,;, and for more than a

small number of vortices (three) produces an unstable system. Hence, an axi-symmetric
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distribution of vorticity with zero velocity at the center, reflecting the fact that a vor-
tex generates a rotational motion, is used in practice. Here the standard model with a

Gaussian distribution is employed, with

1 2 2 1 2 2
— = 8o — _ _—s?/c
7(s) — ) 27 {1 c }

Also 27 [;° ~(s)ds = 1 and therefore I'; is the circulation of the vortex.

The interaction between the discrete vortices and with the body produces a system
of equations for which no closed form solution exists. A numerical solution can be
produced by applying any standard time-stepping method to (2.3) for each of the M
discrete vortices, using the velocity at the center of the vortex from (2.4). Here, as
in Clarke and Tutty (1994), a second order Runge-Kutta method is used to move the
vortices,

1
Xy = xﬁj—i-iAtv(xk tr) (2.7)

V]

xFtl — Xf}j + Atv()ivj,tk+1/2) (2.8)

vJ

where t;, = kEAtL.

2.6 Calculating the System Output (Lift)

The jump in the tangential velocity at the trailing edge u is used as the control input to
the system, with the aim of damping the variation in the lift due to the unsteady nature
of the free stream velocity Vpx(t) and the influence of the vortices on the airfoil as they
are convected past the body. The lift, which will be used as the output to the system,

is most conveniently calculated from

1 N
L(t) = — 5 Z )\iAﬂ}x(Xci, t) (2.9)
=1

where A; is the length of panel i and v, (x.;,t) is the streamwise component of velocity

at X = X.;, which is in the flow just above the midpoint of the panel.

2.7 Model Verification

The basic panel code was tested against publically available 2D aerofoil analysis software.
In particular, the lift coefficients and pressure distributions for inviscid flow past the
aerofoil obtained from the method presented above were compared with those found

using XFOIL (1985), a well validated code commonly used for aerofoil calculations.
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Pressure distributions for the NREL S825 aerofoil profile at different angles of attack

are shown in Figure 2.4.
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Figure 2.4: VPM model (green) verified against Xfoil (red) and experimental
(black) for non-dimensional freestream velocity U = 1: (a) -5 degrees (b) 0
degrees (c) 5 degrees (d) 10 degrees

On the basis of the comparison, initially 404 source and 404 vortex panels were used.
As usual, the panels were clustered towards the trailing and leading edges where the
curvature is largest. As the analysis moved forward it became clear that the control
performance did not deteriorate when fewer panels were used and as a result the number
of panels were reduced to 130 (total), with the aim of improving computational efficiency.
The next stage is to understand the relationship between the control input u and the
global lift under a steady sinusoidal disturbance. As expected, increasing u results in a

reduction in the mean lift in a linear manor as shown in Figure 2.5.

2.8 Aerofoil Profile

The aerofoil chosen for initial analysis is the NREL S825, as shown in Figure 2.6. The
aerofoil is typically used on the outboard section of a 15m blade, which makes it a good
choice because this is the location where the majority of the lift is generated, hence the
location where flow control devices are most effective. Additionally, a large amount of
experimental data is available for the S825 aerofoil (S825, 2001). The aerofoil shape is
read from a text file in the VPM code, therefore changing the aerofoil at a later date is

not a problem.
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Figure 2.5: Lift changes due to variation in the control input v = v, — v, for a
sinwave freestream velocity disturbance
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Figure 2.6: NREL S825 airfoil
2.9 Performance Measurements

Two measures have been used to estimate the degree of attenuation, a 2-norm and

infinity norm:

T 3
Ly= |1 / (L(t) — L,)2dt
2 — Tl — TO T
To

Lo = max |L* — L,|

In general terms, Ly can be thought of as measuring the fatigue load, and Lo, the peak

load on the blade. If the mean value of the lift is the target value L,, then Lo gives
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the standard deviation of the lift. The results here aim to keep the mean value of the
lift close to the target value, so that the standard deviation of the lift is close to the
L5 value. Also, the range of values for the lift lies within L, plus or minus the value of
L. The integration for Ly was performed over the time the vortices pass the aerofoil,
beginning at a time after a number of freestream oscillations have passed to allow time

for the controller to settle.

2.10 Wake Model

As discussed above, the introduction of a wake model adds a realistic non-linearity that
simulates the Wagner effect. The vortex panels produce a set of N linear equations in
N unknowns (the x;). However, this problem is not well posed and the matrix will be
singular (within numerical error). This reflects the fact that there is an infinite set of
solutions to the problem of inviscid flow past a body with zero flow across the surface
across the body, with the solution varying with the (arbitrary) lift on the body. Here
Kelvins circulation theorem is used to provide an extra condition, whereas previously
the Kutta condition was used to close the solution. This states that the total circulation
in the flow is constant. Note here that the circulation is minus the integral of the
vorticity over the field, and the circulation for a vortex panel is —k;L; where L; is the
length of panel i. The system of equations is now overdetermined, with N + 1 equations
in N unknowns. A well-behaved approximate solution is obtained using a least-squares
approach, as in Clarke and Tutty (1994). Conservation of circulation/vorticity is satisfied

exactly.

The base flow consists of the free-stream velocity V() = (Vo (t),0) and the velocity
field generated by the vortex panels v, (x,t) = (Upz, Upy), the vortices shed into the wake
from the trailing edge, and in addition, disturbances introduced into the flow upstream
of the airfoil, also in the form of discrete vortices. The Euler equations governing two-
dimensional inviscid incompressible flow and the Runge-Kutta method is used to move

the vortices, as dsicussed above.

At each time step a new vortex is created a distance 1% of the chord length immediately
downstream of the trailing edge. For an airfoil without actuation, the strength of the

new vortex is given by,

T, = —%At(vg —?) (2.10)

where v, and v, are the magnitudes of the velocity tangential to the surface at the

trailing edge, as shown in Figure 2.7.

Trailing-edge devices used for lift control act by modifying the flow near the trailing-

edge, generating vorticity, which is shed into the wake, and thereby alters the circulation
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Figure 2.7: Flow at the trailing edge. The x marks the vortex creation point.

on the body and hence the lift. For example, a trailing edge flap redirects the flow. This
can be modeled in a simple manner in the current framework by altering the strength
of the new vortex generated at each time step by applying the Kutta condition, which
will directly change the way the flow leaves the airfoil at the trailing edge. That is, by

generating a new vortex of strength
I'y=Ts—u (2.11)

where u in the control input of the system, with the lift as output. The lift is calculated

in standard fashion from the pressure on the surface of the airfoil.

The model outlined above provides a relatively simple (compared to a full Navier-Stokes
simulation) but realistic model of the flow and actuation which can be used to investigate
control schemes aimed at damping fluctuations in the lift using trailing-edge devices for

load control.

The basic panel code was tested against results from standard sources. In particular, the
lift coefficients and pressure distributions for inviscid flow past the airfoil obtained from
the method presented above were compared with those found using XFOIL (1985), a well
validated code commonly used for airfoil calculations. On the basis of the comparison,
404 vortex panels were used. As usual, the panels were clustered towards the trailing-

edge, where the curvature is largest.
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ILC Applied to 2D Non-Wake
Vortex Model

3.1 Oscillatory Flow (Deterministic)

3.1.1 Flow Structure (Case Flow-1)

Section 3 is aimed at verifying the plant and controller models are functioning correctly
before the introduction of the more complex and physically realistic wake model in
section 4. The results in this section will establish the flow structures to be analysed,
the ILC algorithms to be developed and a fundamental understanding of the practical
implementation of smart rotor control. Consider the case with no vortices so that the
variation in the lift comes from the variation in the freestream velocity, and the aim is to

damp this fluctuation. The flow past the airfoil is assumed to be periodic with velocity,

Vor = 1+ Asin(2nt/T) (3.1)

Where all dimensions are non-dimensionalised as discussed in section 2.2, A is the am-
plitude of the oscillation and T its period. A time step of At = 0.005 is used throughout
this section to ensures adequate fidelity for the model parameters used, while keeping
the computational runtimes reasonable. Case Flow-1 initiates a period of T' = 0.25 and
A = 0.1. An amplitude of A = 0.1 is very large relative to the expected amplitude
variation on a typical turbine, which is approximately an order of magnitude less during
operation. Using a large amplitude and small period is more of a challenge to attenuate
so the results hereafter are considered conservative. Since there are no vortices in the
flow, the problem is linear in the unknowns (the vortex panel strengths \; and source

panel strengths x;).

33
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3.1.2 Integral-Type ILC

At each step the latest values are used to update the control input. First, consider
Integral-Type ILC of the form

ub = o B (3.2)

where u* is the control input for time step k, and E* is the error for step k given by

EF=1F-1, (3.3)

where Ly is the lift at step k& and L, is the target value for the lift, obtained by taking
A = 01in (3.1). Figure 3.1(a) shows the control input wuy, (green) and the error E¥ (red
control, blue no control) for the controller in (3.2) with u = 20. A better result is
obtained with a larger gain of ;1 = 50, as shown in Figure 3.1(b), although, early in the
run, there is short term high frequency (time step) fluctuation in the solution. Taking

a gain much larger gain causes the scheme to become unstable.

k k
0 50 100 150 200 0 50 100 150 200

-0.1 q4-2 -0.1 q4-2

Figure 3.1: Simple Integral-type ILC control with gain (a) p = 20 and (b)
w = 50. Error; no control (blue), error; control (red) and control input (green).

3.1.3 Phase-lead ILC

The flow has a forced oscillatory component, the effect of which on the lift is only
partially damped by the integral control. The oscillation occurs over N, steps where
N, = T/At. Label the cycles as j, j = 0,1, . . . , and the step within the cycle as
ke, ke =0,1,..., N. — 1 so that k = jN. + k.. Consider phase-lead ILC of the form

ke _ ) ke AN
u;® =ty + pkEey (3.4)
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where the shift caused by A is allowed since the complete signal involved is already
known (one of the critical features of ILC; such control action has found widespread
use in many successful applications as described in the survey papers Ahn et al. (2007)
and Bristow et al. (2006)). As the problem is linear, the stability of the control can be
investigated directly.

3.1.4 Stability Analysis

For the phase-lead case in the previous sub-section, as the only vorticity in the flow
field is bound to the surface of the vortex panels, the lift may be calculated directly
from L = —Vj,I', where I is the circulation, i.e. the sum of the bound vorticity on the

surface, given by I' = Zf\; 1 A\, Linearity implies that

I' =AVy, +Bu (3.5)
and
L = —AVE — BVyu (3.6)
In discrete form
Ly = — A(Vgs)* = BVosuje (3.7)
and therefore
B = —A(Vg)? - BVosul — Ly

= —AVge)? = BVosufey — Ly — pB Vor Ef S
ke ke mke+A
= LBt —pBVy, Ejj

Hence . A
Ee Ee
ke —"j—1
Ekﬂc = 1—uBVy* Efk (3.8)
Jj—1 Jj—1

Stability in this context is defined as no growth in the forward error used in the ILC
algorithm. For A = 0, the control will be stable if 0 < uB Vokwc < 2, but the error
will decay monotonically only if 0 < uB VOIZC < 1. The error changes sign throughout
the cycle, so that stability cannot be guaranteed for any other value of A. With the
maximum value of V{, of 1.1, monotonic decay will be obtained with A = 0 if u < 25, as
B = 0.03635. Calculations were performed using this value as a guide, with the results
as predicted; for g = 25 the disturbance was damped almost instantaneously, for values
between 25 and 50, the error decayed but with overshoots, while for p > 50, the error

increased monotonically in magnitude over cycles.
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The performance of the control with A = 0 and p = 10, with the disturbance decaying
to zero and the actuation taking a periodic form, is shown in Figures 3.2(a) and 3.2(b)

for times early in the simulation, and for the error at larger times, in Figure 3.2(c).
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Figure 3.2: Phase-lead ILC with g = 10 and A = 0O(blue), A = —1(red),
A = 4(green). (a) Error (b) Actuation (c) extended time for 4 = 10 and
A =0 (d) Error for Integral-Type, p = 20 (red), Integral-Type, u = 50 (green),
phase-lead pr = 10 and A = 0 (blue)

However, as expected from the stability analysis, the disturbance does not decay to zero
for both larger and smaller values of A. With A = 4 a small, high frequency oscillation,
which is growing by ¢ = 3, can be seen in the error (Figure 3.2(a) - green). If the
calculation is continued, this disturbance grows exponentially in magnitude. Taking
A = -1 or 1 (not shown), initially the control appears to succeed, as shown in Figures
3.2(a) and (b) - red. However, again there is a high frequency component to the solution
which grows as the calculation proceeds. Figure 3.2(b) also shows the change in the

k=1 (magenta) for the case with A = 0, which operates

control input at each step, u* —u
90 degrees out of phase with u and at an order of magnitude lower in amplitude. A
number of simulations were performed with different parameters (amplitude A, period
T, and gain ), and for all cases with A # 0, the same pattern was found, with initial
decay followed by uncontrolled growth. A comparison of the Error E* for the different
controllers is shown in Figure 3.2(d), showing the superior performance of the phase-
lead ILC. Below, u = 10 will be used for the phase-lead ILC control as it provides good

attenuation of the error but with an allowance for non-deterministic effects. A is set
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to zero in the remainder of this section but kept in the notation as it is standard ILC
convention. Additionally, section 4 uses a different flow model and studies the effect of
cases with A # 0.

3.2 Vortical Flow (Non-Deterministic)

3.2.1 Flow Structure (Case Flow-2)

In this section vortices will be introduced into the flow so that the flow is no longer just
periodic, although it still has a periodic component from the freestream, the problem
is now non-deterministic. The stability analysis for the phase-lead ILC given above
does not apply, as it assumes both linearity and periodicity. Consider the flow with
an oscillatory freestream with A = 0.1 and 7" = 0.25, as above, and with two vortices
introduced into the flow upstream of the aerofoil, one with strength I' = 0.1 placed at
xy1 =(—15,0.25) and the other also with strength I' = 0.1 but at z,2 = (—9,—0.35) at
the start of the simulation (t = 0). With these starting values, vortex 1 will pass above
the aerofoil and vortex 2 below it, generating a significant disturbance in the lift in
addition to that from the oscillation in the freestream velocity. Figure 3.3(a) shows the
error for this flow with no control for the time that the vortices are passing the aerofoil.
In addition to the oscillation in lift arising from the freestream, large disturbances are
generated by the vortices at approximately t = 10 and ¢t = 15.
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Figure 3.3: (a) Error for uncontrolled flow with 2 vortices and sinusoidal
freestream disturbance (b) Vortex 1 (green) and vortex 2 (blue) centres passing
the aerofoil

3.2.2 Two-term ILC

The phase-lead ILC controller (3.4), with A = 0 and p = 10 and a target value of the lift
for undisturbed flow (L, = 0.379), was applied to Case Flow-2. This suppressed most of

the effect of the oscillation in the freestream, but not the disturbance due to the vortices,
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as can be seen in Figure 3.4(b). This is an expected result because the phase-lead control
only considers information from the previous cycle and nothing to capture the effects
of disturbances within the current cycle. The variation of lift between cycles as the
vortices are passing is significant enough to not be captured by the phase-lead ILC. The
Integral-type ILC reduced the magnitude of the fluctuations in the lift when applied to
the oscillatory flow and when applied to the current case with two vortices, it damps
much of the disturbance generated by the vortices but leaves a residual oscillation, as
shown for p = 20 in Figure 3.4(a). This again is expected as we have shown in the
previous section that the Integral-type ILC is not capable of completely attenuating the
periodic disturbances.
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Figure 3.4: Control applied to flow with sinusoidal disturbance and two vortices,
(a) Integral-type ILC p = 20 (b) Phase-lead ILC p = 10

This residual oscillation can be largely suppressed by applying a controller incorporating

both Integral-type and phase-lead ILC, also referred to as two-term ILC. Specifically,

N ke ke+A
i =Uj,1+M0Ej:{ (3.9)
a* = @4 ERY (3.10)
and
ke __ nke ~k
u;t = u;° +u (3.11)

k = jN. + k. as discussed previously in section 3.1.3. The two-term ILC algorithm is a
function of both the control input and error from the same point in the previous cycle
and the previous time step. The error for this controller with pug = 10, A =0, u; = 20 is
shown in Figure 3.5(a). The oscillatory component of the fluctuation has been almost
completely eliminated, while the disturbance from the vortices has been heavily damped.
The control input «*, shown in Figure 3.5(b), closely tracks the lift for the uncontrolled
flow (Figure 3.3(a)), generating a counterbalancing force to the inherent fluctuation in
the lift. Increasing the values of the gains above these values did not significantly affect

the performance of the controller, and these values will be used for all cases presented
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below. Also, taking A # 0 did not give a stable algorithm, as for the case of pure
oscillatory flow.
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Figure 3.5: Two-term ILC applied to oscillatory flow with 2 vortices (a) error,
(b) control

3.3 Lift Estimator

3.3.1 Lift and Pressure Correlation

Thus far the lift has been used directly from the vortex panel model as an input to the
controller. This is not feasible in reality so to bring the analysis a step closer to imple-
mentation, the following section analyses the feasibility of using a pressure sensor array
configured across the aerofoil to predict the lift and then use this estimate as an input
to the controller instead of the actual or direct lift. This can be done in the current
vortex panel model because the pressure is available at each vortex panel. To simulate
a pressure sensor, the pressure across a particular panel can be used directly. The first
step in designing a suitable pressure sensor array to estimate the lift used as the out-
put of the controller, is to understand the correlation between the pressure at different
chordwise locations and the global lift. Pearsons correlation factor 7, (as explained in

Rogers (1988)) is calculated for all panels to quantify this correlation,

¢zk ok — P >222;<Lk—L>2

’f’pL

where nt = maximum number of time steps; p is the panel pressure at time step k; p
is the mean panel pressure; Lj is the global lift at time k and L is the mean global lift.

Note that as the modulus of 7,7, approaches 1, the relationship between the two variables
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approaches linearity. The sign of 7, indicates the direction of the correlation. 7, is
calculated for all panels, under various different flow conditions, to gain an understanding
of which sensor positions are the most suitable for estimating the lift. Linear systems
obviously exhibit perfect correlation, i.e. a value of 7,,= 1 or -1 for all panels. The more
informative cases are when the inflow contains non-deterministic vortex disturbances.
Figure 3.6(a) shows the correlation factors for each panel when random actuation is
applied to the 2D cross section. Figure 3.6(b) shows the correlation factor for when two

vortices are passing the aerofoil.

(a) (b)

\;g., . 0 ; I f"“‘\r—-—-ﬁ_“

Ll 0.6
04}
3 0.4
b2t

eli]

gat .

B.6F . . (] 4

af 0. /
-1 a 3 : 0.8 -
0 5 100 ] 0 150 0 ] 108 150 109 250

Figure 3.6: Correlation factors for (a) random actuation (b) two vortices

Note that r,;, values are calculated for all panel points to gain adequate detail concerning
the correlation behaviour across the aerofoil. The co-ordinate system starts at the
centre of the suction surface (i=0) and moves to the leading edge (i=100); through the
centre of the pressure surface (i=200); then to the trailing edge (i=300) and back to the
centre of the suction surface (i=404). As expected, in the deterministic case (random
actuation), there is near perfect correlation for all points along the aerofoil. Introducing
the non-deterministic effects of the vortices displaces the 7,7, values away from -1 and 1
correlations. It is clear that the correlation between the lift and the pressure at points
around the leading edge drops off when the vortices are introduced (i.e. as i — 100).
Also, there is reduced correlation on the points near the trailing edge (i=300) and the
upper aft section (300 < ¢ < 404). Figure 3.7 shows a visual representation of the

correlation strength across the S825 aerofoil for the 2 vortex case in 3.6(b).

---.._/A

Figure 3.7: S825 Correlation Factor Visual Representation, green = good cor-
relation, orange = ok correlation, red = poor correlation for a flow case with
two vortices



Chapter 3 ILC Applied to 2D Non-Wake Vortex Model 41

The Pearson correlation distribution across the aerofoil varies depending on the vortex
structure used. For example, two vortices passing over the top of the aerofoil result in
better correlation on the suction surface panels of the aerofoil than the pressure side.
Figure 3.8 shows a visual representation of an averaged Pearson correlation for a range

of vortex configurations.

<H_/A\

Figure 3.8: S825 Correlation Factor Visual Representation, green = good cor-
relation, orange = ok correlation, red = poor correlation averaged for multiple
non-deterministic flow configurations

Overall, it is favourable to place pressure sensors as far away from the leading and trailing
egde as possible while retaining enough fidelity to ensure the effect of the vortices are
capture as they move along the aerofoil. Larger panel gradients, in relation to the
horizontal axis, result in less correlation between the pressure at the panel location and
the global lift. This makes sense because vertical panels do not act as lifting surfaces.
As the gradient reduces and the panels tend towards the horizontal axis, a greater
proportion of the panel is acting in the direction of lift. It therefore makes physical

sense that these panels would correlate to the lift more accurately.

Since the lift is calculated as a component of the integral of the pressure across the
aerofoil, increasing the number of pressure sensors used to estimate the lift will improve
the accuracy of the estimate. It makes sense that the more information we have about
the flow, the more accurately we can predict the forces imparted on the aerofoil. The
correlation analysis above indicates that measurement points away from the leading and
trailing edges yield the best results, and this will be considered when designing pressure
sensor arrays as discussed in the proceeding subsection. If we were considering more
complex aerodynamic models with boundary layer sub-models, fluctuating shear stress
would be considered to obtain information about turbulent wall bounded flow. In the
simplified flow model used in this work, the local flow states where the panels are placed
are all that is considered. The advantage of using wall pressure fluctuations is that the

real world boundary layer can be measured non-intrusively.

3.3.2 Pressure Sensor Arrays

The direct lift cannot be used as the controller output when considering implementation
on a turbine, therefore a robust method is required to estimate the lift. Obtaining

the complete pressure distribution around a turbine section is not practical; therefore
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it is proposed that the lift is estimated from a number of pressures sensor readings at
different chordwise positions. Lift is created from the difference in pressures between
the upper and lower surface, therefore the lift estimate is based on pressure differences
between upper and lower points. The time series pressure measurements can easily be
extracted from the flow model for all panel control points. The simplest sensor array
is one sensor on the suction surface ps and one on the pressure surface p,, where the
lift estimate is calculated from L. = Ci(ps — pp). The coefficient C; is obtained by
running the model with no flow disturbances at the desired angle of attack. The angle
of attack varies during a turbine cycle but for simplicity it is assumed that the angle of
attack is constant during each simulation throughout this report. This two-sensor array
is adequate for global and predictable changes in flow field velocity but does not capture
the effects of local pressure changes due to non- deterministic effects, e.g. vortices in the
inflow. Figure 3.9 shows the pressure distribution variation as a vortex passes over the
aerofoil. The lift fluctuation associated with these changes in pressure is shown in Figure
3.10. To counteract these local pressure changes, more pressure sensors are positioned

at different chordwise positions.

-4

0

0 01 02 03 04 05 06 07 08 09 1
X

(a) t = 0, red solid; 3.8, green; 4, blue; 4.2, purple; 4.4, light blue; 4.6, yellow
@_

0 01 02 03 04 05 06 07 08 09 1
X

(b) t = 0, red solid; 4.8, green; 5, blue; 5.2, purple; 5.4, light blue

Figure 3.9: Aerofoil pressure distribution at different times showing the effect
of a vortex passing the aerofoil. Leading edge (x = 0), trailing edge (z = 1).

All arrays are arranged reasonably symmetrically, while avoiding points too close to the
leading and trailing edge for reasons discussed in the previous section. Figure 3.11 shows
the range of pressure sensor arrays used in the subsequent analysis and Table 3.1 the

matrix of coefficients Cs ), for the 12 sensor array at 7° AoA.
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Figure 3.10: Lift fluctuation caused by a single vortex passing the aerofoil (from
pressure distribution variations in Figure 3.9)

Figure 3.11: Pressure sensor arrays for estimating lift

Pressure Panel Number

107 129 157 195 242 272
95 | 0.454 | 0.516 | 0.625 | 0.559 | 0.527 | 0.722
73 1 0.549 | 0.642 | 0.821 | 0.7111 | 0.660 | 0.649
45 | 0.600 | 0.713 | 0.941 | 0.799 | 0.736 | 7.157
7 10763 | 0.955 | 1.414 | 1.116 | 0.996 | 0.971
364 | 0.969 | 1.302 | 2.332 | 1.620 | 1.379 | 1.331
334 | 1.094 | 1.538 | 3.219 | 2.003 | 1.648 | 1.579

Suction Panel Number

Table 3.1: Coefficients for 12 sensor array

The total lift estimate using @) pressure sensors is calculated from the average of the
individual lift estimates,

(3.13)

This calculation assumes a symmetrical distribution of sensors, ie. the same number
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of sensors on the upper and lower aerofoil surface. For example, a 12 sensor array
will estimate the lift by taking the average of 36 pressure differences multiplied by the
corresponding correlation coefficients. 36 pressure differences because 6 sensors on the
lower surface for every sensor (x6) on the upper surface, i.e. %QQ. The coefficients are
calculated from the lift and pressure differences from a simulation with a steady flow

and no vortices or control at 7° AoA, as shown in Figure 3.1.

3.3.3 Validation

The simplest method to validate the lift estimates calculated from the above sensor
arrays is to compare the estimated lift from the sensors with the direct lift from the
vortex panel method calculation (Equation 2.9), for a range of flow conditions. Fig-
ures 3.12, 3.13, 3.14, 3.15 shows comparisons for flow with a periodic disturbance; flow
with vortical disturbances; and a combination of both with and without control at a

angle of attack of 7°.
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Figure 3.12: Estimated lift for different pressure sensor arrays for a periodic
flow (T' = 0.25, A = 0.1). (a) Direct lift [red], Number of sensors Q = 2 [green];
4 [blue]; 6 [purple] and (b) Direct lift [red], Q = 8 [green]; 10 [blue]; 12 [purple]

Figure 3.12 shows no error between the estimated lift response, for all sensor arrays,
and the direct lift. This result is expected because the model does not contain any
nonlinearities, therefore a global change in lift is a result of a proportional change in all
pressure measurements at each panel. The only parameter effecting the velocity at each
panel is the change in freestream velocity, which effects all panels linearly. By introducing
stochastic effects in the form of one vortex, as shown in Figure 3.13, the difference in
the accuracy of the lift estimates between each sensor array becomes evident. Using just
2 sensors results in a large peak over prediction of the lift of almost 50% as the vortex
passes. However, the peak error begins to rapidly decrease below 10% as the number of
sensors increases beyond 4. In Figure 3.13(b) the peak error is at approximately t=9.6
where the estimates appear to lag behind the direct lift. The gradient here is moderate

and the peak error does not exceed 5% but as the gradient of the direct lift increases
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Figure 3.13: Estimated lift for different pressure sensor arrays for a flow with a
vortex passing the aerofoil (strength I' = 0.1). (a) Direct lift [red], Number of
sensors Q = 2 [green]; 4 [blue]; 6 [purple] and (b) Direct lift [red], Q = 8 [green];
10 [blue]; 12 [purple]
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Figure 3.14: Estimated lift for different pressure sensor arrays for a periodic
flow with a vortex passing the aerofoil (T' = 0.25, A = 0.1, ' = 0.1). (a) Direct
lift [red], Number of sensors Q = 2 [green]; 4 [blue]; 6 [purple] and (b) Direct
lift [red], Q = 8 [green]; 10 [blue]; 12 [purple]

in magnitude, the error may become more significant and is something to be aware of
when running the simulation for different vortex structures. Figure 3.14 shows the flow
condition when the periodic signal and vortex disturbance are combined. The sensors
perform well at estimating the lift, with only the case with 2 sensors showing significant
deviation from the direct lift (peak error of approximately 40% at t=9.2). It is clear that
when estimating the lift for flows with vortices, the two sensor array is not suitable. The
peak errors for the other sensor arrays decrease as the number of sensors increases, with
the peak error for the 12 sensor array of 4.8% at t=9.7, which is a at a similar time to
the peak error for the same array when considering vortex flow only. This implies that
adding the periodic disturbance has little effect on the location of the peak error and the
vortex is the driving factor behind the quality of the lift estimates. Finally, Figure 3.15
shows the lift estimates when two-term ILC is applied to the periodic vortex flow. A

similar trend is seen as more sensors results in greater accuracy in the lift estimate.
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Figure 3.15: Estimated lift for different pressure sensor arrays with two-term
ILC applied to the disturbance in Figure 3.14. (a) Direct lift [red], Number of
sensors Q = 2 [green]; 4 [blue]; 6 [purple] and (b) Direct lift [red], Q = 8 [green];
10 [blue]; 12 [purple]

The lift estimate responses have been simulated for a range of flow (periodic inflow and
vortices) and control (random, ILC with different parameters) configurations and all
have resulted in similar patterns of accuracy with peak errors not exceeding much more

than 5% for the 12 sensor array.

As mentioned, the optimum sensor array positions the sensors away from the leading
and trailing edge while maintaining adequate fidelity along both surfaces to capture the
effect of the vortices. When trying to attenuate both sources of disturbance (global lift
and local vortices), it is worth balancing these two conflicting requirements to optimise
the estimate for a particular application. Pressure sensor distribution of an even density
have been used because results using density variations discovered poor estimates of
the lift driven by a votex moving into an area of reduced sensor density. Assuming
a clockwise moving vortex passing over the upper surface of the aerofoil, this makes
physical sense because in an area of high density sensors, the effect of the lift will be
amplified and as the vortex passes an area of reduced density the relative influence of
the vortex will be reduced. This causes the estimator to under and over predict the lift

as a vortex passes.

3.3.4 Two-term ILC (Case Flow-2)

To understand the effectiveness of the ILC controller when using the estimated lift, the
estimated lift is used as the input to the two-term ILC control law. Results for all
sensor arrays are shown for the flow condition (oscillatory flow, 2 vortices case flow-2)
and two-term ILC (pp = 10, A = 0,1 = 20) from Figure 3.5 with the aerofoil set at
7°. Figure 3.16 shows the error response when using the lift estimates from each array

compared to the controller using direct lift.
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Figure 3.16: Error response when using two-term ILC ( up = 10, A = 0, u1 = 20)
with different pressure sensor arrays (green) for a oscillatory flow with 2 vortices
(T =0.25,A=0.1,T =0.1) compared to direct lift (red)

The error responses indicate a general trend that the more sensors used, the greater the
reduction in peak error (L) and overall deviation from 0 error (Ly). The marginal
exception to this trend is the attenuation of the periodic oscillation when using 10
sensors, which appears to be slightly less than when using 8 sensors. This could be due
to the lack of array optimisation when positioning the sensors for the 10 sensor array
and refining the sensor locations would improve results further. Figure 3.17 shows the
Ly and Lo reduction percentages for the cases in Figure 3.16. The corresponding Lo
and Lo values for the controller using direct lift for the same flow are 0.5% and 1.9%

respectively.
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Figure 3.17: Norm ratio % (100 * controlled norm / uncontrolled norm) for
different pressure sensor arrays: Lo (red) and Lo, (green). Flow: A =0.1, T =
0.25, 2 vortices, I' = 0.1. Control: two-term ILC (up = 10, A = 0, 41 = 20)

Increasing the number of sensors improves the accuracy of the lift estimation and results
in improved load reduction, with the greatest reduction, using 12 sensors, of approxi-
mately 5%(L2) and 14%(Lso) of the uncontrolled case. In practical terms, the number
of pressure sensors chosen will depend on the turbine cost model and whether the tur-
bine design drivers are the fatigue or extreme loads. If the fatigue loads are the design
driver then potentially less pressure sensors can be deployed as the results in Figure
3.17 indicate reasonable fatigue load reduction with fewer sensors. If extreme loads are
the design driver then more sensors would be required as Figure 3.17 indicates poor
extreme load reduction for cases with four or less sensors. Section 3.9 (complete model)
incorporates the lift estimator for realistic turbine conditions over large run times to
add evidence that the lift estimation technique is stable and accurate for the intended

purpose.

3.4 Flow Configurations

A controller has been successfully designed for deterministic and non-deterministic flow
structures using both the direct and estimated lift with the intent of establishing code
and analysis methods that will be developed in more detail in section 4. The analysis in
previous sections has focused on a few specific cases but does not test the robustness of
the controller for a range of variation in flow parameters. In this section, each parameter
will be varied in turn and results for the complete model are shown in section 3.8. Varying
the angle of attack, vortex strength, number of vortices, target lift and permutations
of these variables will add further verification evidence that the plant model responds
as expected. Figure 4.3 shows the parameter settings for the representative test cases

(note the flow cases numbers are a continuation from the previous sections). Initially,
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the same two-term ILC as described above is applied (uo = 10, A = 0 p; = 20) using
the direct lift.

Case Description Vortex strength  AoA  Amplitude Period Target Lift
5A AoA+ medium 7° 0.1 0.25 0.801
5B AoA- medium —7° 0.1 0.25 -0.024
6 Vortex Strength + strong 7° 0.1 0.25 0.801
TA Period + medium 0° 0.1 10 0.379
7B Period +, AoA + medium 7° 0.1 10 0.801
8 Target Lift + medium 0° 0.1 0.25 0.474
9 Multiple Vortices weak x 12 0° 0.1 20 0.379

Table 3.2: Flow Configurations for Robustness Test of Two-Term ILC with
gains po = 10,A =0, u; =20

Case Description norm ratio x 100
5A AoA+ Lo 1.9%
Loo 0.7%
5B AoA- Lo 6.4%
Lo 2.3%
6 Vortex Strength + Lo 4.2%
Lo 9.1%
TA Period + Lo 0.5%
Loo 2.5%
7B Period+ AoA+ Lo 0.2%
Lo 0.9%
8 Target Lift + Lo 1.2%
Lo 2.9%
9 Multiple Vortices Lo 0.5%
Loo 9.3%

Table 3.3: Performance Metrics for Robustness Test of Two-Term ILC with
gains pup = 10, A =0, u; = 20

3.4.1 Steady State Angle of Attack (Case Flow-5A and Flow-5B)

For case flow-2 (section 3.2), the two-term ILC produces a reduction of two orders of
magnitude in Ly, and a value of Ly less than 3% of that for the uncontrolled flow,
and is the flow condition used in the previous two chapters. The aerofoil is at zero
degrees angle of attack in case flow-2. Pitch control (adjusting the AoA) can be used
in order to maintain a near constant loading on the turbine as the mean flow rate
varies so it is likely the aerofoil will operate across a range of different angles of attack.
For 7° AoA, with the same flow parameters as above and two vortices starting in the
same positions, the values of Ly and Ly, slightly improve with an increase in reduction
to 1.9%(L2) and 0.7%(Lso). In this case the target value Lr = 0.801, obtained from
running the code with undisturbed flow, Vj, = 1 and 7° AoA. The fact the uncontrolled
performance metrics are higher for an increase in AoA is the reason behind the reduced
metrics ratio. Repeating the simulation with the same conditions and controller with
the exception of the AoA been set to —7¢, results in much higher performance metrics.
This is understandable because the initial no-controller case metrics are much smaller.

The controller appears to be stable across different steady state changes in AoA with a
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similar level of effectiveness when vortices are present. The range of AoA chosen roughly
represents the typical range the aerofoil will operate in under normal conditions with
attached flow.

3.4.2 Vortex Strength (Case Flow-6)

A more extreme case is obtained by changing the strength of vortex one to I' = 0.4. As
this vortex contains (in magnitude) approximately half of the circulation of that bound
to the aerofoil in the reference condition, this case can be regarded as a very severe test
of the control scheme. The error for the uncontrolled case is shown in figure 3.18(a) and
that with the two-term ILC in figure 3.18(b).
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Figure 3.18: Case Flow-6 response - (a) uncontrolled error and (b) two-term
ILC applied

There is now a much larger deviation from the reference value of the lift, with the
maximum value of the lift more than double the reference value, reflecting the strength
of vortex 2, but, again, given the extreme nature of this test, the control performs very
well. Note the change in the E* axis scale in Figure 3.18(b), emphasising the significant
reduction in the peak load. However, for both Lo and L., the values with the control
relative to those for the uncontrolled case (case 6, 3.3) are larger than for the original

two vortex case (i.e. that with I's = 0.1).

3.4.3 Variable Period Flow (Case Flow-7TA and Flow-7B)

As mentioned above, both the chord length H and the reference velocity V., vary along
a turbine blade, which implies an increase in the nondimensional period of the oscillation
T, moving towards the tip. All the calculations so far have used T=0.25 which represents
a relatively fast rotating, unsteady flow where the frequency of the vortices to period
of rotation is smaller than would be expected on an actual turbine. This enabled the
interaction between the forced oscillation, the convective disturbance represented by the

vortices and the control scheme to be investigated with a relatively small computational
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effort, but in practice, T would be much larger and therefore a higher frequency of
stochastic disturbances per period. Figure 3.19(a) shows the error for a run with two
vortices, no control, 0o AoA and T' = 10, over the time that the vortices pass the aerofoil
(case flow-TA, 3.3).
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Figure 3.19: Error E* for oscillatory flow past the aerofoil at 0° AoA with two
vortices, T=10 and (a) no control (b) two-term ILC

The vortices now start much further upstream, at (125,0.25) and (119,0.25), both with
strength I' = 0.1. Again there is a relatively large fluctuation as the vortices pass, but
this now occurs over a short time relative to the period. Figure 3.19(b) shows the same
case with the two-term ILC. Note the change in the E* axis scale in Figure 3.18(b),
emphasising the significant reduction in the peak load. Again the disturbances are
largely attenuated, with a two order of magnitude reduction in Ly and L.,. Figures
3.20(a) and 3.20(b) show the error without and with control for a similar case but with
the aerofoil at 7°.
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Figure 3.20: Error E* for oscillatory flow past the aerofoil at 7° AoA with two
vortices, T=10 and (a) no control (b) two-term ILC
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3.4.4 Target Lift (Case Flow-8)

The reference value used in the results presented above is the lift on the aerofoil with
a steady mean velocity, but there is also interest in using smart blades to increase
aerodynamic performance, particularly at low speeds. A number of simulations were
run using different values as the target. Figure 3.21(a) shows the error when the control
is applied to a flow with A = 0.1 and T = 0.25 and two vortices passing the aerofoil (as
for case 2) but with a target value of the lift of Lr = 0.474, 25% higher than the value

for uniform flow.
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Figure 3.21: Case flow-8 for oscillatory flow with 2 vortices and 25 % increase
in L,, with two-term ILC applied. (a) Error E* (b) Actuation u*

This figure is similar to that for the case with the original (lower) reference value, and
gave similar values for the performance measures, (case 6, Table 5.2), where the values
of the measures with no control were obtained from a simulation with the value for the
actuation u* = 2.616, which produces the target value in the case with uniform flow (no
vortices and Vp, = 1). Figure 3.21(b) shows the control signal u* for this case. It is
very similar to the case with the original reference value, but displaced downwards to

compensate for the increase in the target value.

3.4.5 Multiple Vortices (Case Flow-9)

For all the results presented so far, only a few strong vortices have been used, generating
large disturbances in the flow. Figure 3.22 shows the fluctuation in the lift for a run with
12 relatively weak vortices (I'; = 0.005) as the vortices pass the airfoil when there is no
actuation (u* = 0), and period of T = 20 and a 5% amplitude in the freestream velocity
oscillation (A = 0.05). In this case, the vortices generate relatively weak changes in the
lift, superimposed on the oscillation from the unsteady nature of the freestream. Figure
3.23 shows the error in the lift with the two-term ILC. Again there is a two order of
magnitude reduction in L9, but only an order of magnitude reduction in L, (case 6,

Table 4.3). The final level of the error signal is, however, similar to that found in other
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cases with stronger disturbances, and is still acceptable. Figure 3.24 shows the control
signal u* for this case. It is similar in form to the error for the flow with no control,
i.e. essentially oscillatory but with relatively short-scale fluctuations generated by the

vortices.

8000 12000 16000 20000 24000 28000
0.06 T T T T

Figure 3.22: The error E* for oscillatory flow past the airfoil at 0° AoA with
12 vortices, T' = 20, and no control.

k
8000 12000 16000 20000 24000 28000
o1 T T T T

0.005

-0.005

Figure 3.23: The error E* for oscillatory flow past the airfoil at 0° AoA with
12 vortices, T = 20, and the controller (4.5)—(4.7) with up = 10, A = 0, and
M1 = 20.
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Figure 3.24: The control input u”* for oscillatory flow past the airfoil at 0° AoA
with 12 vortices, T' = 20, and the controller (4.5)—(4.7) with py = 10, A =0,
and p; = 20.
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3.5 Real Turbine Data (Non-Deterministic)

This section focuses on integrating the previous sections sub-models of the smart rotor
system. The fundamental flow physics remains the same but a complete model will
consist of a realistic flow structure and representative sensor characteristics. The devel-
opment of the complete model will consist of applying two-term ILC to (a) a realistic
inflow disturbance of the freestream velocity; (b) the addition of multiple vortices in the
inflow; and (c) replacing the direct lift with the lift estimator developed in section 3.5.
The final model will include the effects of all sub-models (a)-(c) and enable a summation
on the effectiveness of two-term ILC for attenuating disturbances in simple, attached
flows representative of those experienced by wind turbine smart rotors. Evolving the
analysis in this way enables insight into the coupling between assumptions made about
the plant or controller model that may lead to inadequate performance. The develop-
ment of a complete model for the non-wake flow model adds further verification of the

plant and controller models in a computational efficient manner.

Using the non-dimensional method discussed in section 2.2, a smart rotor 2D cross sec-
tion with a chord of 1m at an outboard radial blade position typical of a smart rotor
would have a period of approximately 200t and above for the disturbance in freestream
velocity. This timescale is very large and computational inefficient, therefore a represen-
tative period of T=20t will be used in this section. Figure 3.25 shows the real turbine
data from Thomsen et al.(2008) scaled to an approximate period of T=20 and A=0.1
and the baseline two term ILC developed in section 3.2. The period and amplitude are

fluctuating in a manor representative of actual turbine inflow data.
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Figure 3.25: Two-term ILC applied to non-dimensionalised real turbine data
(Case Flow-10) with pgp = 10, A = 0, and p; = 20, uncontrolled error (red),
controlled error (green) and control input (blue)

A similar case has previously been analysed in section 3.4.6 and the data in Figure 3.25
similarly shows very good attenuation with performance metric ratios of 1.21% (L2) and
0.11% (Loo). It is reasonable to expect the controller to perform well with this inflow

because analysis has already shown that the two-term ILC algorithm is adept at coping
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with fluctuations in the freestream velocity period and amplitude variations aligned with

those found in real turbine data.

The addition of vortices in previous sections has introduced stochastic effects into the
system and the same method is applied here. Fifty vortices are introduced upstream of
the aerofoil to ensure a vortex arrives at the aerofoil leading edge every 10¢. All vortices
have the same strength of 0.01 and start every 10z on the horizontal position but the
y starting position is randomised to ensure a random distribution of vortices above and
below the aerofoil. Figure 3.26(a) shows the system response when the baseline two-
term ILC is applied to the flow structure with fifty vortices. Figure 3.26(b) shows a
more detailed plot of the inflow disturbance with and without vortices. The norms for
this case are 1.9% (L2) and 0.8% (L) which is only a small increase compared to the

metrics found for the non vortex case.
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Figure 3.26: (a) Two-term ILC (up = 10, A = 0, and p; = 20) applied to
real turbine data with fifty vortices uncontrolled error (red), controlled error
(green) and control input (blue). (b) Lift disturbance no vortices (dashed grey),
vortices (blue)

The controller used in all of the simulations in this section thus far have utilised the
direct lift from the model. In section 3.5, a 12 sensor array was developed and the
same sensor array is now used in the two-term ILC algorithm in the presence of the flow
disturbance shown in Figure 3.26. Figure 3.27 shows the system response when replacing
the direct lift with the estimated lift. As expected the level of attenuation drops when
compared to the direct lift control but performance metrics are still reasonable with
values of 2.8% (L2) and 3.2% (Loo).

3.6 Summary

Section 3 has successfully applied different forms of ILC to a range of flow conditions

with the additional of smart rotor sensor dynamics. The flow model is a simple vortex
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Figure 3.27: Two-term ILC (up = 10, A = 0, and u; = 20) applied to real
turbine data with fifty vortices using a lift estimate as the controller input,
controlled error (green) and control input (blue)

panel method without a wake model that is only suitable for attached flow but stochas-
tic aerodynamic effects have been introduced to the system with the incorporation of
upstream discrete vortices. The flow model is rudimentary in comparison to the full
wake model developed in section 4. However, analysis using this model has value in
verifying the base flow model, controller model development, lift estimation techniques
and establishing different flow conditions. The simple non-wake model has the advan-
tage of fast computation for a large number of flow and controller permutations. The
principle reason for including this model in the thesis is to gain evidence that the flow
model calculates circulation correctly for a range of flow conditions and that ILC can
be applied to a flow model successfully. Section 4 then develops these principles using a

more physically representative flow and smart rotor system model.

Initially Integral-type and phase-lead ILC were developed and applied to simple oscil-
latory disturbances in the freestream velocity. These algorithms were adequate when
attenuating a simple deterministic system but performance significantly reduced with
the introduction of stochastic vortices. A solution was developed to combine the two
forms of ILC into a two-term ILC algorithm that could account for the vortical distur-
bances using the Integral-type ILC and the freestream oscillations using the phase-lead
ILC. The simple structured two-term ILC performed well when considering the system
outputs only. The results indicate good two-term ILC performance across a range of
stochastic flow conditions. The same controller was tested for approximately 100 flow
test cases with various different combinations of period, amplitude and vortex distribu-

tion. All performance measures fell below 10% of the uncontrolled case.



Chapter 4

ILC Applied to 2D Wake Vortex
Model

4.1 Oscillatory Flow (Deterministic)

4.1.1 Flow Structure (Case Flow-11)

This section develops the aerodynamic plant model to include the effect of the aerofoil
wake. The wake model is discussed in detail in section 2. The addition of the wake effect
enhances the dynamic response of the plant model and enables physically meaningful
conclusions to be drawn. This section will develop in a similar manner to section 3 with
an array of additional deterministic and non-deterministic flow structures. As in section
3, consider the case with no vortices hence the variation in the lift comes from that in
the free stream velocity, and the aim is to damp this fluctuation. The flow past the

airfoil is assumed to be periodic with velocity,

Voo = 1+ Asin(2nt/T) (4.1)

where A is the amplitude of the oscillation and T its period. A time step of t = 0.005
is used, with amplitude A = 0.1, and a period of T" = 2.5. A period 10 times greater
than in the previous chapter is used because it represents a more realistic case (i.e. the
period is approximately 1/3 of the time taken for the lift to reach steady state) without
significantly increasing computational effort. This condition is still not representative of
a real turbine, as the turbine period is much larger than the time taken for the lift to
reach steady state (i.e. the Wagner effect) but this initial condition represents an extreme
case for the controller to be tested within reasonable computational requirements. The
initial vorticity on the airfoil is preset to the vorticity expected for the target lift under

steady conditions. This is an assumption that the starting vortex has passed far enough

o7
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downstream to assume the bound vorticity on the airfoil is constant and equal to that
expected at the target lift. Hence the Wagner effect is not present at the start of the
simulations, which is suitable as this work focuses on a wind turbine during continuous

operation.

4.1.2 Proportional Controller

Previous work (Tutty et al., 2013) and Chapter 3 used an Integral-type ILC controller as
an initial approach to attenuate the periodic disturbance in (4.1). This control scheme is
essentially an integral type controller and simulates a wake type effect in the model. The
present flow model now includes a wake model, therefore using an integral type controller
again would lead to double counting of the wake effect and the model delivering unreliable
results. Consequently a proportional controller is initially used to attenuate the periodic
disturbance. The addition of the wake model means the system is fully nonlinear and

at each time step the latest values are used to update the control input,

ub = pErt (4.2)

where ¥ is the control input for step k, and E* is the error for step k given by

Ef=LF_1L, (4.3)

where L* is the lift at step k and L, is the target value for the lift, obtained by taking
A=0in (4.1).

Figure 4.1 shows the control input u and the error E* for the controller (4.2) with
1 = 50. Also shown is the error with no control. Improved attenuation is obtained with
a larger gain of p = 240, as shown in Figure 4.2. Taking a gain much larger causes
the scheme to become unstable. The effect of the wake model can be seen in the phase
difference between the control input and the error for the uncontrolled cases in Figures
4.1 and 4.2.

4.1.3 Phase-lead ILC

The flow has a forced oscillatory component, the effect of which is only partially damped
by the proportional control. This operates over N, steps where N, = T'/At. The cycles
are labelled as j, j = 0,1,..., and the step within a cycle as k., k. =0,1,...,N.—1, so
that k = jN. 4+ k.. Consider phase-lead ILC of the form

ke _ ke ke+A
u;® =u;ty + pEpcy (4.4)
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Figure 4.1: Controller (4.2) with g = 50. Error E* with no control, u* = 0
(red). Error E¥ with control (blue). Control input u* (green)
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Figure 4.2: Controller (4.2) with g = 240. Error E* with no control, u* = 0
(red). Error E¥ with control (blue). Control input u* (green).

where the shift caused by A is allowed since the complete signal involved is already
known (one of the critical features of ILC; such control action has found widespread use
in many successful applications as described in the survey papers Ahn et al. (2007) and
Bristow et al. (2006)). The performance of the control with A =0, 4 =5 and p = 25
is shown in Figure 4.3. Increasing the value of p improves attenuation but for values of
1 above 25 the controller becomes unstable.

4.1.4 Variable A

It has been shown in previous work (Tutty et al., 2013), that for a linear aerodynamic
model, the system becomes unstable for all conditions where A # 0. As the aerodynamic
model is now fully nonlinear, it is no longer possible to perform a suitable stability

analysis therefore a few cases with different values of A are simulated with results for
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Figure 4.3: Controller (4.4) showing error E* for no control u* = 0 (red), u =5
(green) and p = 25 (blue).

A =4 and A = 8 shown in figure 4.4 for controller (4.4) with u = 25. Above values
of A = 8 the controller starts to become unstable and negative values of A indicate a
deteriation in performance. However, a greater level of robustness to varying values of A
is observed when the wake is accounted for in the flow model. A number of simulations
were performed with different parameters (amplitude A, period T, and gain p) and
for all cases with A > 8, the same pattern was found, with initial decay followed by

uncontrolled growth. Meanwhile negative values of A resulted in reduced attenuation.
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Figure 4.4: Controller (4.4) showing Error E¥ with y = 25 and A = 0 (red),
A =4 (green) and A = 8 (blue)

A comparison of the error EF for the different controllers is illustrated in Figure 4.5,
showing the superior performance of the ILC control. In the following, u = 25 and
A = 0 will be used for the ILC control as it provides good attenuation of the error but

with an allowance for nonlinear effects.



Chapter 4 ILC Applied to 2D Wake Vortex Model 61

-0.06

t

Figure 4.5: Controller (4.2) showing error E¥ with = 50 (red) and pu = 240
(green). Controller (4.4) showing error E¥ with p = 25 and A = 0 (blue).

4.2 Vortical Flow (Non-Deterministic)

4.2.1 Flow Structure (Case Flow-12)

As developed in section 3, vortices will be introduced into the flow hence it is no longer
periodic, although it still has a periodic component from the free stream. The response
with the wake model is similar to the non-wake model. The main difference been the
scales used as discussed in section 4.1.1 and the difference in the control schemes devel-
oped and their respective gains. Consider the flow with an oscillatory free stream with
A =0.1 and T = 2.5, and with two vortices introduced into the flow upstream of the
airfoil, one with strength I'y = 1—10 placed at x,1 = (—30,0.25) and the other also with
strength 'y = % but at x,2 = (=20, —0.35) at the start of the simulation (t = 0). As
mentioned previously, the period is x10 larger than the non-wake case to ensure the full
effects of the wake model can be considered. With these starting values, vortex 1 will
pass above the airfoil and vortex 2 below it, generating a significant disturbance in the
lift in addition to that from the oscillation in the free stream velocity. Figure 4.6 shows
the error for this flow with no control for the time that the vortices are passing the airfoil
(approximately ¢ = 20 and ¢ = 30). In addition to the oscillation in lift arising from the

freestream, large disturbances are generated by the vortices.

The ILC controller (4.4) with A = 0 and pu = 25 and a target value of the lift for
undisturbed flow (L, = 0.379) was applied to this flow. This suppressed most of the
effect of the oscillation in the free stream, but not the disturbance due to the vortices.
In fact, values of u < 25 gave better levels of attenuation when vortices are present, as
can be seen in figure 4.7. Values of p > 25 led to unstable control schemes, therefore a

value of p = 15 will be used in all forthcoming simulations.
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Figure 4.6: Error E* for oscillatory flow past the airfoil with two vortices with
no control (case 8)
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Figure 4.7: No control error E¥ for case 7 (red). Error E* for controller (4.4)
with A =0, u = 25 (green) and p = 15 applied to case 8 (red)

4.2.2 Two-term ILC

The controller (4.2) reduced the magnitude of the fluctuations in the lift when applied
to the oscillatory flow (Figures 4.1 and 4.2). When applied to the current case with
two vortices, it damps much of the disturbance generated by the vortices but leaves a

residual oscillation, as shown for g = 240 in Figure 4.8.

As in the non-wake case, this residual oscillation can be largely suppressed by applying
a controller incorporating both proportional and phase-lead ILC, also referred to as

two-term ILC. Specifically,
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Figure 4.8: No control error E¥ for case 1 (red). Error E* for controller (4.2)
with p = 240 applied to case 1 (green)

and
ube = ke +af (4.7)

k = jN. + k. as discussed previously in section 4.1.3. The two-term ILC algorithm is a
function of both the control input and error from the same point in the previous cycle
and just the error in the previous time step. The error for this controller with pg = 15,
A = 0 and pu; = 240 is shown to be unstable. Reducing the value of u; improves the
stability with a value of p; = 90 producing optimum attenuation, as shown in Figure
4.9. The oscillatory component of the fluctuation has been almost completely eliminated,
while the disturbance from the vortices has been heavily damped. The control input
u®, shown in Figure 4.10, closely tracks the lift for the uncontrolled flow, generating a

counterbalancing force to the inherent fluctuation in the lift.
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Figure 4.9: No control error E¥ for case 1 (red). Error E¥ for controller (4.5)-
(4.7) with po = 15, A =0 and g1 = 90 applied to case 1
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Figure 4.10: No control error E¥ for case 1 (red). Control input «* for controller
(4.5)-(4.7) with po =15, A =0 and p; = 90 applied to case 1.

Increasing the values of the gains above these values did not significantly affect the
performance of the controller and taking A # 0 did not give significantly improved

attenuation but remained stable for A < 8, as for the case of pure oscillatory flow.

4.3 Composition Flow (Harmonic and Non-Harmonic)

Results so far have assumed a single fundamental frequency in the freestream velocity
fluctuation. Real data from an actual turbine will not contain a perfectly sinusoidal
fluctuation in the freestream velocity as previously assumed. Realistic inflow conditions
will contain a range of other frequencies of velocity disturbance and signal noise. When
implementing a smart rotor system, it would be possible to add low pass filters to
enable the ILC algorithm to ignore the higher frequency disturbances but this section
investigates ILCs ability to attenuate disturbances with a combination of both harmonic
and non-harmonic composite fluctuations in the freestream velocity before proceeding to
the more realistic case when using real turbine data. Throughout this chapter harmonic
implies composite frequencies that are harmonics of the fundamental frequency. Unless
otherwise stated the fundamental frequency is taken as the frequency used to represent
the turbine frequency. Flow structures that are described as harmonic therefore contain
frequencies that repeat exactly within a single cycle of the representative turbine period.
The composite frequencies are locked to the cycle of the representative turbine frequency.
Flow structures that are described as non-harmonic contain higher frequencies than the
baseline fundamental frequency that do not repeat an integer multiple of times within

the base turbine cycle.
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4.3.1 Flow Structure (Harmonic) (Case Flow-14A)

Theoretically, harmonic disturbance configurations should attenuate more effectively
than non-harmonics with ILC as harmonic disturbance will lead to more predictive
fluctuations in the lift and the nature of ILC is to take advantage of disturbances that
are deterministic. Figure 4.11 shows two harmonic inflows, one with a fundamental
harmonic of 0.4Hz (the baseline period of T=2.5) and second and fourth harmonics
of 0.8Hz and 1.6Hz respectively. The second, Figure 4.11(b), shows an inflow with a
fundamental harmonic of 0.033Hz and a twelfth harmonic of 0.4Hz (the baseline period
of T=2.5). These two flow structures are representative of conditions that might be
expected on an actual turbine. Figure4.11(a) representing local gusts and Figure 4.11(b)

representing slower moving shifts in the freestream velocity.

(a) (b)
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Figure 4.11: Error (red) for a composite inflow with harmonic frequencies of (a)
f = 0.4Hz, 0.8Hz and 1.6Hz with A = 0.1, 0.02, 0.01 respectively and (b) f =
0.4Hz and 0.033Hz with A = 0.1 and 0.02 respectively

4.3.2 Two-Term ILC (Harmonic Flow)

Taking advantage of the fast computation of the non-wake flow model developed in sec-
tion 3, the ability of the ILC algorithm to attenuate harmonic composition flows can be
analysed efficiently. The reference periods in the ILC algorithm for both harmonic flows
is the baseline reference period. In the non-wake model in section 3 this is T=0.25 (4Hz).
The reference period in the ILC algorithm is matched to the fundamental frequency that
represents the period of rotation for the turbine. When the frequency used in the ILC
algorithm matches the fundamental frequency, as in 4.12(a), the ILC attenuates well
with both norm ratios less than 0.1%. There are some oscillations within the first 2t

but the ILC responds by reducing the error to almost 0.

The baseline two-term ILC is less capable of attenuating the disturbance when the
frequency in the ILC algorithm doesnt match the fundamental frequency but instead
matches a higher order harmonic, as in Figure (3.8(b)). This is a reasonable expectation

because of the harmonic nature of the inflow, the ILC algorithm can increasingly perfect
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the latest control input using predictable data captured from cycle error and controller
values. The case where the ILC frequency doesnt match the fundamental flow frequency,
as shown in 4.12(b), shows some attenuation but a significant amount of fluctuation is
still present. It is clear that the effect of the 4Hz harmonic component is still present.
This is understandable because the ILC algorithm matches the fundamental disturbance
frequency (0.1Hz) so the calculation will effectively jump over approximately 40 of the
smaller period harmonics in obtaining values for the present controller input. Improved
attenuation is achieved when matching the ILC frequency to the 4th harmonic (4Hz) of

the flow that represents the turbine period of rotation, as shown in Figure 4.13.
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Figure 4.12: Error (red) and control (green) for Two-term ILC, with gains
to = 10, A = 0, u1 = 20, applied to harmonic inflow fluctuations shown in (3.8)
for (a) fundamental frequency = 4Hz (b) Fundamental frequency = 0.1Hz
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Figure 4.13: Two-term ILC, with gains pug = 10, A = 0, u; = 20, applied
to the disturbance with a fundamental frequency of 0.1Hz with ILC reference
frequency of 4Hz

The performance metric ratios for this case are 0.045% (Lz2) and 0.056% (Loo). It is
logical that the error is significantly reduced when compared to the control applied
in Figure 4.12(b), where the control references the fundamental frequency of 0.1Hz,
because the algorithm now captures the fluctuations generated by the 4th harmonic and
ensures the fundamental harmonic is attenuated by sensing the larger period drift in the

phase-lead and Integral-type aspects of the two-term ILC.
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Applying the same principle to the harmonic flows with the wake model and using the
benchmark two-term ILC developed in previous sections, (equations 4.9 to 4.11), with
gains po = 15, A = 0, 41 = 90 and target lift L, = 0.379, is shown in 4.14. The reference
frequency in the ILC algorithm for both cases is the fundamental flow frequency (0.4Hz)
and results indicate significant attenuation when using the baseline flow frequency that

represents the turbine period of rotation.
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Figure 4.14: Error (red) and control (green) for Two-term ILC, with gains
o = 15,A = 0,1 = 90, applied to harmonic inflow fluctuations shown in
Figure 4.11 for (a) fundamental frequency = 0.4Hz (b) fundamental frequency
= 0.033Hz

4.3.3 Flow Structure (Non-Harmonic) (Case Flow-14B)

Simple harmonic compositions are unlikely to occur on a real turbine and are more
suitable for theoretical analysis. Real turbine data is more likely to compose of non-
harmonic frequencies that will enter the system from a range of sources and result
in relative aperiodic signals. These sources could be either external, from the flowfield
(e.g. wind gusts), or internal, from the blade position itself (e.g. generator friction, blade
instabilities). Either source results in a range of different frequency disturbances in the
aerodynamic lift at a specific blade position. This section determines ILCs ability to
attenuate disturbances that are a composition of non-harmonic frequencies and therefore
aperiodic in nature within the relative timeframe of the representative turbine frequency.
Figure 4.15 shows the uncontrolled inflow disturbances for non-harmonic compositions
with approximate fundamental frequencies of 0.4Hz (a) and 0.035Hz (b). The term
approximate fundamental frequencies is used because the flows are non-harmonic and
strictly speaking a fundamental frequency does not exist within the relative timeframe. A
fundamental frequency will exist that contains harmonics of the composition frequencies
chosen but at a much lower value than the frequency range used in this analysis. The
composite frequencies of oscillation are arbitrary and the amplitudes remain the same

as in the previous section.
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Figure 4.15: Error (red) for an inflow velocity fluctuation with three composite
frequencies of (a) 0.4Hz, 0.675Hz and 2.584Hz with A = 0.1, 0.02, 0.01 respec-
tively and (b) T = 0.4Hz and 0.035Hz with A = 0.1 and 0.02 respectively

The non-harmonic nature can be seen in the error plots in Figure 4.15 as the inflow
appears to be non-deterministic. This will make it harder to achieve low performance

metrics using the two-term ILC.

4.3.4 Two-Term ILC (Non-Harmonic Flow)

The benchmark two-term ILC developed in previous sections, (equations 4.9 to 4.11),
with gains pg = 15,A = 0,41 = 90 and target lift L, = 0.379, was applied to both
non-harmonic flow structures. 4.16 shows the control of both non-harmonic composite
flow cases with this controller. The reference periods in the ILC algorithm for both flow
conditions are 0.4Hz, i.e. fundamental flow frequency that represents the turbine period

of rotation.
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Figure 4.16: Two-term ILC, with gains pg = 15, § = 0, u; = 90, applied to non-
harmonic composite inflow fluctuations shown in Figure 4.15 for (a) fundamental
frequency 0.4Hz (b) fundamental frequency 0.035Hz

Figure 4.16(a) shows a residual oscillation in the lift error. The performance metric

ratios are still reasonable, 12.6% (L3) and 14.7% (L), but further attenuation can
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be achieved by tuning the two-term ILC gains. Figure 4.17 shows the response of the
two-term ILC with gains po = 20, A =0, and @1 = 110.
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Figure 4.17: Two-term ILC, with gains uo = 20, A = 0, u; = 110, applied to
the non-harmonic composite inflow shown in 4.16

While a small level of lift disturbance still remains, the attenuation has improved with
an increase in gains with performance metric ratios of 6.32% (Lg) and 7.46% (Lo). A
further increase in the gains leads to instabilities in the response and the error becoming

uncontrollably large.

The non-harmonic disturbances controlled thus far in this section have contained pe-
riods of lift disturbance in the freestream velocity that are much smaller than would
be expected on an actual turbine, while the amplitude remains reasonably representa-
tive. These smaller periods have been used during initial controller performance analysis
because they offer high levels of computational efficiency and represent worse case sce-
narios. Figure 4.3.4 shows an uncontrolled case with larger non-harmonic periods with
the same amplitudes and the system response when applying the standard two-term ILC

to this more representative turbine case.
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Figure 4.18: Uncontrolled error (red) and controlled error (green) for inflow
disturbance in the freestream velocity with non-harmonics of T = 24, 14,23
and 5.33 and amplitudes of A = 0.1, 0.02 and 0.01. Two-term ILC with gains
pwo =15, A =0, pg =90
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The performance metrics are reduced to almost zero and the fluctuations are almost fully
attenuated. Reducing the non-harmonic periods further towards the previous response
seen in Figure 4.17 is shown in Figure 4.19. Again, there is almost full attenuation of

the inflow disturbance.
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Figure 4.19: Uncontrolled error (red) and controlled error (green) for inflow
disturbance in the freestream velocity with non-harmonics of T = 10, 4.75 and
2.07 and amplitudes of A = 0.1, 0.02 and 0.01. Two-term ILC with gains
o =15,0 =0, p1 =90

It is evident that reducing the periods of the non-harmonic oscillations reduces the
ability of the ILC to attenuate the lift disturbances. This is logical because reducing
the periods means the ratio between the period and amplitude increases, so when the
ILC takes the values from the previous cycle, they are more likely to be further away
from the position that would provide the ideal control input. In reality a turbine inflow
disturbance is more likely to show behaviour similar to Figure 4.3.4 and Figure 4.19
but with the addition of smaller scale noise. As discussed previously, these noise sources

could be both internal and external to the system.

Figures 4.3.4(a) and (b) show the baseline non-harmonic inflow disturbance in 4.19
with the addition of a random noise on the inflow signal every time step (dt = 0.005).
This random noise is modelled as an addition to the mean freestream velocity, with the

three non-harmonics, of a random number in the range of +/- 0.01.

The ILC algorithm attenuates the non-harmonic oscillations, as seen previously in Figure
4.19, but has little effect on the signal noise. The scale of the noise applied at every time
step is unrealistic for an actual turbine (dt=0.005 equates to noise every 0.00008 seconds
for a cross section near the tip at nominal operating conditions). This frequency of noise
would not be captured by a sensing system. Applying noise at a reduced sampling rate

is shown in Figure 4.3.4 at a frequency of every 10t.

This reduced frequency equates to a random offset on the freestream velocity every 0.17
seconds for a cross section near the tip at nominal operating conditions. The noise is
still present so we can conclude the ILC algorithm does not attenuate this specific noise

profile. This is expected when analysing the ILC algorithm because the random noise
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Figure 4.20: Uncontrolled error (red), controlled error (green) and control input
(blue) for inflow disturbance in the freestream velocity with non-harmonics of T
= 10, 4.75 and 2.07 and amplitudes of A = 0.1, 0.02 and 0.01 and an additional
noise factor within the range +/- 0.01 every time step. Two-term ILC with
gains pg =10, A =0, pu; =20
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Figure 4.21: Uncontrolled error (red), controlled error (green) and control input
(blue) for inflow disturbance in the freestream velocity with non-harmonics of T
= 10, 4.75 and 2.07 and amplitudes of A = 0.1, 0.02 and 0.01 and an additional
noise factor within the range +/- 0.01 every 10 time steps. Two-term ILC with

gains pug =10, A =0, pu; =20

offset is generated within the same time step that the control output is calculated. The

critical understanding gained from this section is that the ILC algorithm does not appear

to become unstable when noise is present in the inflow freestream velocity signal. For

implementation purposes this noise can be removed by using a low pass filter.

4.3.5 Flow Structure (Real Turbine Input) (Case Flow-4C)

The freestream velocity profile in Figure 4.22 represents a typical inflow disturbance

for a turbine at 40m span during nominal operation. The data varies in both period
and amplitude and is based on actual turbine data, Thomsen et al.(2008). The data

has been non-dimensionalised and scaled to align with the flow configurations used in

previous sections.
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Figure 4.22: Non-dimensionalised freestream velocity disturbance based on real
turbine data (Thomsen et al., 2008) with no control

4.3.6 Two-Term ILC (Real Turbine Input)
Figure 4.23 shows the response of the system using the baseline two-term ILC applied

to this inflow condition using an averaged reference period in the controller of T=25.
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Figure 4.23: Error (green) and control input (blue) for non-dimensionalised
(see section 2.2) freestream velocity disturbance based on real turbine data
(Thomsen et al., 2008) with two-term ILC applied with gains ug = 10, A =0,
p1 = 20. Uncontrolled error shown in (red)

The controller attenuates the majority of the disturbances resulting in performance
metrics below 10%.

4.4 Variable Period Flow (Non-Deterministic)

4.4.1 Flow Structure (Case Flow-13)

On a real turbine the period of the freestream velocity fluctuation 7" will vary around
a target value. As discussed in Section 1.5, the target period of rotation is determined

by the tangential tip speed required to maintain an optimum tip speed ratio for varying
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wind speeds. The power coefficient of a given turbine is dependent on the tip speed
ratio, with an approximate optimal value of wR/v = 7 for maximum power for large
scale wind turbines, where w is the rotor rotational speed in rads/sec, R is the rotor
radius in metres and v is the axial wind speed in m/s. Changes in the axial wind speed
will have a direct impact on the period of rotation. At higher wind speeds it becomes
unrealistic to maintain a tip speed ratio of 7 as the centrifugal forces and noise levels
become too large. Typical periods of rotation fall in the range of 3 to 7 seconds. This
period is driven by the changing axial wind speed therefore the period will change over

a reasonably large timescale.

For results so far with the wake flow model, the ILC controller has dealt with velocity
fluctuations in the baseline flow of constant period. In turn the ILC algorithm has
used the same constant period in the phase lead contribution in the two term ILC, j
in equation (4.5). The following section analyses the robustness of the controller to a

drifting value of T.

The variable period input signal used in the present section is shown in Figure 4.24
along with a scatter plot of the periods within the given time frame. The period drifts
around a target period of T = 2.5 and an amplitude of approximately A = 0.1. The

period variation is obtained from a pseudo-random number generator.
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Figure 4.24: (a) Variable period velocity disturbance for a case with a large
variation in the period at approximately t=20. (b) period distribution for inflow
case (a)

4.4.2 Two-term ILC

The period variation introduced means a modification to the baseline two-term ILC is
required. To account for the varying period, and effectively varying speed of rotation
of the turbine, the time step used in both parts of the ILC algorithm are modified to
become a function of the speed of rotation. This is implemented by obtaining the angle
covered per time step across an average sinusoidal oscillation (in this case T = 2.5t) and

dividing by the current angular velocity. This ensures that the control input to the flow
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model will varying depending on the speed of rotation. A level of gain optimisation is
also required to ensure maximum attenuation. For the flow case outlined in Figure 4.24
two-term ILC gains of pug = 15, A =0, and p; = 120 are used and the results shown in
Figure 4.25.
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Figure 4.25: Two-term ILC (puo = 15, A = 0, and 3 = 120) applied to case
flow-13 (large fluctuations in the freestream disturbance period). Uncontrolled
(red), controlled (green) and control input (blue)

The performance metrics are low considering the significant fluctuation in the freestream
period. The metrics are considerably lower, 5.2% (L2) and 14.1% (L« ), than would be

expected without the modification to the time step.

The influence of a non-constant period can be seen in the perturbations that remain.
Attempts were made to attenuate these peak errors in a number of ways but all meth-
ods employed generally had an insignificant effect or initiated instabilities within the
controller. A method investigated was to make the gains variable as they approached
the minimum and maximum error locations based on blade position. A combination
of smaller and larger gains in these regions had little effect on the performance metrics

with some instances causing large scale instabilities.

4.5 Lift Estimator

4.5.1 Lift and Pressure Correlation

As in the previous chapter, a Pearsons correlation factor 7,7, is used to establish the
correlation between the global lift and panel pressures across the aerofoil using equation
3.12.

Figure 4.26(a) shows the correlation for 3 flow cases with different vortex strengths and
Figure 4.26(b) the same cases with two term ILC applied. Note that the steady state

lift value and flow behaviour is different when the wake model is included which will
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ultimately result in different array coefficients. As discussed in section 4.2, a steady state
lift with the inclusion of the wake model has an approximate non-dimensional value of
0.370 at an angle of attack of 0°.
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Figure 4.26: Correlation factors for three different strength vortices (a) with no
control and (b) with control

Correlations have not been calculated for linear flow cases (i.e. freestream fluctuation
and no vortices) because previous results in section 3.5.1 have shown linear flows result
in perfect correlation. Correlations for variation in angle of attack and vortex strength
show a similar behaviour as shown in Figure 4.26. In general, good correlation is achieved
for pressure points around the middle to leading edge suction side. As previously dis-
cussed, correlation reduces as approaching the leading edge as the panels tend towards
a more vertical position. The leading edge pressure side of the aerofoil indicates poor
correlation for all flow configurations (around panel i=150). Correlation is very good
for the remaining areas on the pressure side and correlation drops again as approaching
the trailing edge. Correlation for the suction side middle to trailing edge is reasonable.
Figure 4.5.1 visualises these pressure sensor array conclusions. The array is similar to
that found in section 3 with the significant difference of removing the pressure sensor
found on the pressure side mid-leading edge (i.e. the poorly correlated panel at i=150).
The number of averaged pressure differences used to calculate the lift estimate is now

30 (5 pressure side and 6 suction side sensors).

A-""‘--__

Figure 4.27: Optimal pressure sensor array designed for lift estimation as an
input to the ILC algorithm

As concluded in the lift estimation work in section 3, it is critical to place an even spread
of pressure sensors across both upper and lower surfaces to ensure the effect of vortices

passing the aerofoil are adequately captured.
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4.5.2 Pressure Sensor Arrays

As in section 3.5.2, pressure coefficients are calculated for each pressure difference be-
tween upper and lower panel pressures shown in Figure 4.5.1, for a steady flow with no
disturbances or control. These coefficients vary from the non-wake model case and are

shown in table 4.1.

Pressure Panel Number

107 129 195 242 272
95 | 1.130 | 2.053 | 1.647 | 1.004 | 0.907
73 1 0.654 | 0.885 | 0.800 | 0.610 | 0.573
45 | 0.586 | 0.765 | 0.700 | 0.550 | 0.520
7 1 0.723 | 1.015 | 0.904 | 0.669 | 0.625
364 | 0.942 | 1.508 | 1.277 | 0.853 | 0.782
334 | 1.074 | 1.876 | 1.531 | 0.959 | 0.871

Suction Panel Number

Table 4.1: Coefficients for 11 sensor array

The lift is then estimated from these pressure coefficients and pressure differences as

previously defined in equation 3.13.

4.5.3 Validation

In order to validate the accuracy of the lift estimator developed for the wake flow model,
the estimated lift is compared to the direct lift for a range of flow cases with initially no
control, as shown in Figure 4.28. These figures indicate that the estimator developed
adequately estimates the lift for a ramped lift and a freestream periodic fluctuation.
These flow cases are relatively simple and do not include the significant stochastic effect
of a passing vortex. Figure 4.29 shows the estimated lift against the direct lift for two
flows with vortices. The estimate is slightly offset from the direct lift but not substan-
tially and the sensor arrays provides an adequate estimate that can be investigated with

the TLC algorithm and wake flow model.

Figure 4.30 shows the lift estimate when applying two term ILC to a flow with no
disturbance and a flow with a periodic freestream fluctuation and two vortices. The
simple case showing the effect of the wake model (i.e. the Wagner effect) shows near
perfect lift estimation (4.30(a)) but when flow disturbances are introduced a fluctuation
remains in the lift estimate (4.30(b)).

Figure 4.31 shows a simple periodic disturbance in the freestream with ILC application
and a comparison of the estimated and direct lift. There is clearly a phase difference
between the control input and the estimated lift. Closer analysis of Figure 4.31 indicates

the lift estimate lags behind the control input by approximately 450 times steps (1 time
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Figure 4.28: Direct lift (red) and 11 sensor estimated lift (green) for a flow with

no control - (a) initialisation to show the Wagner effect of the wake model. (b)
periodic fluctuation in the freestream velocity
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Figure 4.29: Direct lift (red) and 11 sensor estimated lift (green) for a flow with

no control - (a) two upstream vortices (b) periodic fluctuation in the freestream
velocity and two upstream vortices

step = 0.005t). This is approximately the time constant of the lift to reach its target

value when accounting for the Wagner effect in the wake model.

The proposed solution is to account for the wake effect by subtracting a weighted and

delayed function of the control input from the lagged lift estimate as shown in (4.10),

Le = Lo — CuFd (4.8)

Where C' = coefficient and d = delay factor to account for the Wagner effect. A range
of C and d values were tested for flows with periodic disturbances, vortical flows and
a combination of both. The optimum results were values of C' = 0.9 and d = 450.
Applying these values to the lift estimate in equation (4.10) results in significantly
reduced oscillations in the lift estimate as shown in Figure 4.32.

The delay factor used in Figure 4.32 of d = 450 corresponds to the Wagner effect time

constant, i.e. the time for a trailing edge vortex to travel 6 or 7 chord lengths. This
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Figure 4.30: Direct lift (red) and 11 sensor estimated lift (green) for a flow with
two-term ILC (a) initialisation to show the Wagner effect of the wake model (b)
periodic fluctuation in the freestream velocity and two vortices
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Figure 4.31: Periodic disturbance with baseline two-term ILC using direct lift
input (red), 11 sensor estimated lift (green) and control input for 11 sensor
estimator (blue)

estimator correction produces reasonable lift estimates for a range flow configurations
and will be used to investigate application as an input to two term ILC in the next

section.

4.5.4 Two-term ILC (Case Flow-12)

The lift estimation used in Figure 4.32 is now used as the controller feedback for Case
Flow-12 (periodic disturbance and two vortices) with the wake flow model and results

shown in Figure 4.5.4.

It is evident that the controller becomes unstable at approximately t=35. Attempts
were made to tune the controller gains to remove the instabilities but stable, adequate
attenuation was not possible. Further examination of the estimation modification in
equation (4.10) indicates that the estimation at a particular time step could contain

an error that could amplify when considering only a single point when subtracting the
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Figure 4.32: Direct lift (red) and modified 11 sensor estimated lift (green) from
equation (4.10) using C' = 0.9 and d = 450 for flow conditions and controller
from Figure 4.30
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Figure 4.33: Resultant lift when applying two-term ILC (po = 15, A = 0, and
w1 = 90) to Case Flow-12 (oscillating freestream and two upstream vortices)
with (a) direct lift (red) and (b) estimated lift from Figure 4.32 (green) in the
feedback loop for the ILC algorithm

weighted controller term. The instability observed in Figure is driven by this poor
spatial sampling. A sample size of one inherently leads to poor state estimation and
consequently equation (4.10) is now modified to consider multiple previous controller

inputs in the lift estimation calculation,

(4.9)

n

L= L~ SR+ (@) o () }

Where d,, = positon of the nth reference point and n = total number of reference
points. A number of averaged controller input reference point configurations were tested
with Case Flow-12 with the most optimum configuration consistent of 11 references at
di = 400, do = 410, d3 = 420, dy = 430, d5 = 440, dg = 450, d7 = 460, dgs = 470,
dg = 480, d10 = 490 and d;1 = 500. This ensures that controller inputs either side

of the wagner time constant of t=450 are considered and allows for fluctuations in the
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wake time constant. The results using this modified lift estimator are shown in Figure
4.34.
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Figure 4.34: Resultant lift when applying two-term ILC (po = 15, A = 0, and
1 = 90) to Case Flow-12 (oscillating freestream and two upstream vortices)
with (a) direct lift (red) and (b) estimated lift from equation 4.9 with 11
averaged control input values (green) in the feedback loop for the ILC algorithm

4.6 Actuator Dynamics

4.6.1 First-Order Lag

Work in the previous sections has assumed an instantaneous response from the mod-
elled actuator. This is not realistic behaviour for a physical smart rotor system and in
reality there will be a lag between the controller calculating the control input and the
actuator producing the circulation change required. This is where implementation and
the feasibility of the system in terms of realistic actuation mechanisms is assessed. If
the actuation is too slow then the circulation change will not act quickly enough and
the disturbance will pass over the aerofoil uncontrolled with a control effect passing into
the system too late. This will potentially cause instabilities in the system and have a
detrimental effect on the performance metrics. Modelling the lag on the actuation with
a first-order lag with no wake effects gives the advantage of introducing nonlinear effects
in a computationally efficient manner. To model this system lag a first-order lag will be

used to model the actuator dynamics. Specifically,

u=1(1 —e M) (4.10)
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where v is the actual control input due to the lag, @ is the target control input, A is
the reciprocal of the time constant and determines the speed of the response. With
a constant input 4, the system exhibits a standard first order lag with exponential
behaviour in u. A measure of the actuator response is given by the time it takes u to
reach 90% of & when 4 is constant. In non-dimensional terms, this is 2.3/\. Increasing
the value of A will result in a quicker actuator response. The differential of v will be

used to implement the lag,

d
di: = are M
= ANa—u)
= A —Au (4.11)
Therefore
ko k=1
% = f%(uk +u*h i
Hence

p uFTH 1= ASh) 4+ At 12
v (1+ A5 (4.12)
2

Introducing a lag on the controller input models the effect of the actuator dynamics.
If we assume the smart rotor system uses a traditional trailing edge flap actuation
system, the lag is driven by physical characteristics such as the inertia of the actuator
and the time taken for the motor, that moves the actuator, to get up to speed. The
actuator responds immediately but has a phase lag that means the actual position lags

the commanded position. This is the first order lag modelled above.

Two other types of physical limits are present on a physical smart rotor actuator that are
not modelled in this thesis. They can be described as system bounds, limits or clipping
and will be discussed here in terms of a trailing edge flap actuation system. Firstly,
there is a limit on the maximum angle achievable. The output is effectively clipped in
line with the maximum control surface deflection angle. This is typically in the range of
+/- 20 degrees. The system reaches a physical limit, the commanded circulation change
to counteract the disturbances cannot be met and the system becomes non-linear in its
response. The second system limit is the rate of change of circulation. For a trailing
edge flap this represents a limit on the rate of change of the flap angle. This is typically

driven by the maximum motor/pump speed that drives the actuator.



82 Chapter 4 ILC Applied to 2D Wake Vortex Model

These two limits break the linearity of the system if the demanded angle and/or rate
of change of angle meet or exceed the limits. If the demand falls within the two limits
then the linear dynamics of the system is free to respond without any constraints on
achievable circulation. This is the assumption made in this thesis. It is assumed that the
increase in circulation and rate of change of circulation are unbounded. In the example
of a trailing edge flap, the maximum deflection angle and the rate of change of angle
is unbounded. If these two limits were considered and implemented into the model, it
is possible that the performance metric values would increase. Further investigation of

specific actuator systems would be required to implement this analysis.

4.6.2 Two-term ILC with Actuator Dynamics Applied to Case Flow-12

Figure 4.35 illustrates the response of the actuation to a step input of © = 0.01 at time
t = 2.5, for a flow with no disturbances or upstream vortices, for values of A = 1,10 and
100.

0.008
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Figure 4.35: Control response for a step input of u = 0.01 with A = 100 (red),
10 (green) and 1 (blue).

For values of A > 1000 the response becomes underdamped and the response becomes
unstable as shown in Figure 4.36 for a simple oscillating freestream inflow condition.
This is because the actuator response becomes underdamped and overshoots, as shown
in Figure 4.37.

The limiting upper value of A for which the response starts to become unstable is the
same across all cases but increasing the period of the freestream fluctuation means the
controller is able to remain stable for these higher values of A. For implementation
purposes, a filter could be used to attenuate these initial overshoots and produce a

response that tends towards a first order response.

To avoid unnecessary fluctuations in the initial response and potential instabilities, val-
ues of A < 1000 will be used. Calculating the time taken to reach 90% of the de-

manded control gives an indication of how quick the actuator response is. Values of
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Figure 4.37: Overshoot at large values of A

A = 100,10,1,0.1 and 0.01 will be investigated and their times taken to reach 90%
of the demanded control input are 0.02t, 0.23t, 2.30t, 23t and 230t respectively. It is
important to understand these lags in relation to the dimensional and non-dimensional
periods of rotation as this will indicate the levels of attenuation possible for considering

the actual smart rotor response rates.

Figure 4.38 shows the error for the two term ILC (g = 15, A = 0 and g = 90) when
applied to the disturbance in case flow-12 (T=2.5,amp=0.1, 2 vortices, 0° AoA) with
actuator lag values A = 100 and 10.

The results illustrate that the value of A = 100 produces an attenuation very close to
that of the instantaneous controller and A = 10 results in poorer performance as the
effects of the vortices and periodic disturbance in the flow become more pronounced in
the error response. Reducing the value of A further reduces the level of attenuation and

results in an error signal similar to the uncontrolled flow, as shown in Figure 4.39. This
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Figure 4.38: Error E¥ for controller (4.5)-(4.7) with g = 15, A = 0 and p1 = 90
applied to Case Flow-12 with no lag (red), A = 100 (green) and A = 10 (blue).

is an indication that the amount of actuator lag is a limiting factor in achieving the

desired attenuation.

Figure 4.39: Error E* for controller (4.5)-(4.7) with yo = 15, A = 0 and pu1 = 90
applied to Case Flow-12 with no lag (red), A = 1 (green), A = 0.1 (blue) and
A =0.01 (magenta).

Figure 4.40 illustrates the different control input responses for the A values in Figures
4.38 and 4.39. The controller is activated after one full period has elapsed (2.5t in
this case). As expected, increasing the value of A results in a faster control response
with A = 100 producing an almost identical control input to the idealised instantaneous
actuator. Decreasing values of A results in a much slower response, hence the reduced
levels of attenuation for smaller values of \ as the flow field does not change quick enough

to counteract the flow disturbances.

Figure 4.41 illustrates the performance metrics ratios, Lo and Lo, for Case Flow-12,
Flow-15A and Flow-16 (See Tables 4.2 and 4.3) with different values of A using the two
term ILC controller (ug = 15, A =0 and p; = 90).
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Figure 4.40: Control inputs u* for the actuator lags A in Figures 4.38 and 4.39.
No lag (red), A = 100(green), A = 10b (blue), A = 1 (magenta), A = 0.1 (light
blue), A = 0.01 (grey).
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Figure 4.41: L5 (solid colour) and L (partial colour) norms for controller (4.5)-
(4.7) with pp = 15, A = 0 and p1 = 90 applied to Case Flow-12 (red), Flow-15A
(green) and Flow-16 (blue) with 0.01 < A\ < 100.

The figure illustrates a common conclusion across all cases that A > 10 give significantly
improved attenuation when compared to A < 1. A = 10 produces metric values within
approximately 4% of instantaneous actuator results for all three cases, with only Case
Flow-12 L, metric increasing by approximately 10%. The performance metrics shown
in Figure 4.41 are for flow cases with a relatively small period of T'= 2.5. As discussed
previously, this represents a very fast spinning turbine and is not physically realistic.
Increasing the value of T' gives a more realistic representation of the turbine dynamics

and a more pragmatic analysis of the actuator requirements can be performed.

Figure 4.42 illustrates the error signals when applying the two term controller to Case
Flow-19 (T = 20 with 12 vortices, Table 4.2) with actuator lag values of 0.01 < A < 100.

Greater attenuation is achieved when comparing the same A\ values for an increased

period which suggests that a defined level of attenuation, in terms of the performance
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Figure 4.42: Error E¥ for controller (4.5)-(4.7) with g = 15, A = 0 and 1 = 90
applied to Case Flow-19 with (a) no lag [red], A = 100 [green] and A = 10 [blue]
and (b) no lag [red], A =1 [green], A = 0.1 [blue] and A = 0.01 [magenta]

metrics, can be achieved with smaller A values. In terms of smart rotor application, this
indicates that as the non-dimensional period increases, more lag on the actuator response
is acceptable. This result also holds true for cases flow-17A and flow-17B as shown in
Figure 4.43. The A threshold for reasonable performance (approximately a reduction of
the metrics to 20% of the uncontrolled case) has reduced by an order of magnitude when
considering these higher period flow regimes. Performance only significantly deteriorates
for A < 0.1. Figure 4.42(b) illustrates the error becomes larger still and drifts out of
phase as the value of A is reduced to 0.01.
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Figure 4.43: L9 (solid colour) and L. (partial colour) norms for controller
(4.5)-(4.7) with po = 15, A = 0 and p; = 90 applied to Case Flow-17A (red),
Flow-17B (green) and Flow-19 (blue) with 0.01 < A\ < 100.

For Case Flow-19 (T=20, 12 vortices) a value of A\ = 1 produces a reasonable level of
attenuation. The performance metric used to estimate the fatigue loading on the blade
L5 is reduced to 6% of the uncontrolled case and the extreme load metric £ is reduced
to 36.5% of the uncontrolled case. This value of \ represents an actuator with a response
time to 90% of the demanded control of 2.3t. This corresponds to 11.5% of the non-

dimensional period. Translating this ratio to an actual turbine, to achieve the level of
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attenuation shown for Case Flow-19 with A = 1, the actuator would be required to reach
90% of its steady state value in approximately 0.6 seconds. This speed of actuation is

possible with the application of modern trailing edge devices (Berg et al., 2009).

4.7 Flow Configurations

The analysis of the more physically realistic plant model covered in section 4 has ex-
panded on simple flow structures to include variable period flow in addition to the
deterministic and non-deterministic flows defined in section 3. Additionally, the mod-
elling of actuator dynamics has enhanced the analysis further with an appreciation of
how the control system would perform with imposed hardware restrictions. In a similar
manor to the flow configuration analysis in section 3, this section will test the robust-
ness of the controller for a range of variation in flow parameters. Each parameter will
be varied in turn and results for the complete model are shown in section 4.8 which
include the addition of actuator dynamics. Table 4.2 shows the parameter settings for
the representative test cases (note the flow cases numbers are a continuation from the
previous sections). Initially, the same two-term ILC as described in previous sections
is applied (o = 15, A = 0 p; = 90) using the direct lift and no actuator lag. The
lift estimator and actuator lag are reintroduced in section 4.8 (complete model). Note
baseline Case Flow-12 has performance metrics of 5.6%(L2) and 13.1%(Lso).

Case Description Vortex Strength AoA Amplitude Period Target Lift

15A AoA+ medium 7° 0.1 2.5 0.745
15B AoA- medium =7° 0.1 2.5 -0.014
16  Vortex Strength strong 7° 0.1 2.5 0.745
17A Period+ medium 0° 0.1 20 0.370
17B  Period+, AoA+ medium 7° 0.1 20 0.745
18 Target lift medium 0° 0.1 2.5 0.471
19  Multiple vortices weak x12 0° 0.1 20 0.370

Table 4.2: Parameters for selected cases using the baseline two-term ILC

Table 4.3 presents the performance metrics and ratios for the flow configurations out-

lined in figure 4.2. Flow configuration variables are discussed in the sub-sections below.

4.7.1 Steady State Angle of Attack (Case Flow-15A and 15B))

For Case Flow-12 (section 4.2), the two term ILC produces a reduction of two orders of
magnitude in Ly (5.6%), and a value of L, less than 20% of that for the uncontrolled
flow (13.1%), and is the flow condition used in the previous two chapters. The aerofoil
is at zero degrees angle of attack in Case Flow-12. Pitch control (adjusting the AoA)
can be used in order to maintain a near constant loading on the turbine as the mean
flow rate varies so it is likely the aerofoil will operate across a range of different angles of

attack. For 7° AoA, with the same flow parameters as above and two vortices starting
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case mnorm no control control ratiox100

15A Lo 0.0901 0.0038 4.2
Lo 0.1642 0.0188 11.5
15B L, 0.015 0.002 14.1
Lo 0.064 0.018 28.2

16 Loy 0.0926 0.0097 10.4
Lo 0.2605 0.0533 20.5

17A Lo 0.0440 0.0025 5.8
Lo 0.1389 0.0203 14.6
17B Ly 0.0970 0.0021 2.2
Lo 0.2117 0.0146 6.9
18 Lo 0.105 0.006 5.9
Loo 0.182 0.002 11
19 Loy 0.0239 0.0006 2.6

Lo 0.0449 0.0051 11.3

Table 4.3: Performance metrics for selected cases using the two-term ILC

in the same positions, the values of Lo and L slightly improve with an increase in
reduction to 4.2% (L2) and 11.5% (Lo). The change in AoA in the non wake flow
model in section 3 exhibited a similar change in performance metrics in response to a
change in angle of attack. The principle reason for the reduction in the performance
metric ratio is the fact the uncontrolled error metrics are significantly higher when the
AoA is increased. The target lift value (Lr = 0.745) is obtained from running the code
with undisturbed flow, Vp, = 1 and 7° AoA. Repeating the simulation with the same
conditions and controller with the exception of the AoA been set to —7°, results in much
higher performance metrics. This is understandable because the initial no controller case
metrics are much smaller. The controller appears to be stable across different steady
state changes in AoA with a similar level of effectiveness when vortices are present for
the non-wake and wake flow models. The range of AoA chosen roughly represents the

typical range the aerofoil will operate in under normal conditions with attached flow.

4.7.2 Vortex Strength (Case Flow-16)

_4
10°

As this vortex contains (in magnitude) over a quarter of the circulation of that bound

A more extreme case is obtained by changing the strength of vortex two to I's =

to the airfoil in the reference condition, this case can be regarded as a severe test of
the control scheme. There is now a much larger deviation from the reference value
of the lift, with the maximum value of the lift more than double the reference value,
reflecting the strength of vortex 2, but, again, given the extreme nature of this test, the
control performs well. The effect of the much stronger second vortex can be seen in the
performance metrics with both ratios approximately doubling when compared to the
baseline vortex strengths to 10.4% (L2) and 20.5% (Lo)-
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4.7.3 Variable Period Flow (Case Flow-17A and 17B)

As mentioned earlier, both the chord length H and the reference velocity Vo will vary
along a turbine blade, which implies an increase in the non-dimensional period of the
oscillation 7', moving towards the tip (as t* = %t) All the calculations so far have used
T = 2.5, which represents a relatively fast rotating turbine (approximate period of 0.04
seconds). This enabled the interaction between the forced oscillation, the convective
disturbance represented by the vortices and the control scheme to be investigated with a
relatively small computational effort. In practice, T" would be much larger. Figure 4.44
shows the error for a run with two vortices, no control, 0° AocA and T = 20 over the
time that the vortices pass the airfoil (case 17A). Figure 4.44 also shows the two-term
ILC controlled case with pg = 15 and g = 90. The vortices now start much further
upstream, at (—125,0.25) and (—119,0.25), with strengths I'; = 0.1 and T's = —0.1.
Again there is a relatively large fluctuation as the vortices pass, but this now occurs
over a short time relative to the period of the blade rotation. The disturbances are
largely attenuated, with a two and one order of magnitude reduction in Lo and L
respectively, 5.8% and 14.1%. The airfoil is then pitched to 7° AoA and the control
works very well with two orders of magnitude reduction in the error (case 17B, Table
4.3), 2.2% (L2) and 6.9% (L)

0.16

0.12

0.08

PALAR

-0.08

o

IS

-0.12 |

~0.16 1 1 1 1
100 110 120 130 140 150

Figure 4.44: No control error E* for Case Flow-17A (red). Error E* for con-
troller (4.5)-(4.7) with po = 15, A = 0 and p; = 90 applied to Case Flow 17A

(green).

4.7.4 Target Lift (Case Flow-18)

The reference value used in the results presented above is the lift on the aerofoil with
a steady mean velocity, but there is also interest in using smart blades to increase
aerodynamic performance, particularly at low speeds. A number of simulations were
run using a different value as the target lift. Figure 4.45 shows the error when the

control is applied to a flow with A = 0.1 and T = 2.5 and two vortices passing the
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aerofoil (as for case flow-12) but with a target value of the lift of Lr = 0.474, 25% higher

than the value for uniform flow.
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Figure 4.45: Case flow-18, oscillatory flow with 2 vortices and 25 % increase in
L, with two-term ILC applied. (a) Error E¥ (b) Actuation u*

This figure is similar to that for the case with the original (lower) reference value, and
gives similar values for the performance measures of 5.9% (L2) and 11% (L). Figure
4.45 shows the control signal u* and it is very similar to the case with the original
reference value, but displaced downwards to compensate for the increase in the target
value. Similar performance for variable target lift was seen with the non-wake flow

model.

4.7.5 Multiple Vortices (Case Flow-19)

For all the results presented so far in the wake flow model section, only a few strong
vortices have been used, generating large disturbances in the flow. Figure 4.46 shows
the fluctuation in the lift for a run with 12 relatively weak vortices (I'; = £0.01) as
the vortices pass the airfoil when there is no actuation (u* = 0), a period of T' = 20
and a 10% amplitude in the free stream velocity oscillation (A = 0.1). In this case,
the vortices generate relatively weak changes in the lift, superimposed on the oscillation
from the unsteady nature of the free stream. 4.46 shows the error in the lift with
the application of two-term ILC and the control input. Again there is a two order of
magnitude reduction in Lg, and just above a 10% reduction in L, (case flow-19, Table
4.3). The attenuation level of the error signal is similar to that found in other cases
with stronger disturbances, and is still acceptable. Figure 4.46 highlights the ability
of the ILC algorithm to track the lift disturbance as the control input response is the
same shape as the disturbance, essentially oscillatory but with relatively short-scale

fluctuations generated by the vortices.

In addition to the six cases listed in Table 4.2, well over a 100 other runs were performed,
with different amplitudes and periods of oscillations, numbers and strengths of vortices,

at —7°, 0° and 7° AoA. The values given in Table 4.3 are representative.
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Figure 4.46: No control error E¥ for Case Flow-19 (red). Error E* for controller
(4.5)-(4.7) with po = 15, A = 0 and p; = 90 applied to Case Flow-19 (green).

4.8 Real Turbine Data (Non-Determinstic)

In a similar manor to section 3.8, this section focuses on integrating the previous sub-
section models to obtain an understanding of ILC performance in a realistic flow that
represents a turbine smart rotor with wake effects and representative actuator and sensor
characteristics considered. The development, in order, of the complete model will consist
of applying two-term ILC to (a) a realistic inflow disturbance of the freestream velocity;
(b) the addition of multiple stochastic vortices in the inflow; (c¢) replacing the direct
lift with the lift estimator developed in section 4.5 and (d) integrating the actuator
dynamics to represent a realistic lag in the actuator response. Evolving the analysis in
this way enables insight into the coupling between assumptions made about the plant

or controller model with wake and actuator dynamic effects now included.

As in the previous non-wake model analysis a representative period of T = 20t will be
used in this section. The computation takes longer for the flow model with the inclusion
of the wake model therefore the runtime for the cases in this section has been reduced
to 200¢. This runtime is still adequate to capture the controller dynamics and stability
as the runtime will allow for 10 periods of freestream velocity oscillations. Table 4.4

summarises the performance metrics for the flow cases discussed in this section.

case norm ratiox100
(a) Real inflow Lo 1.3%
Loo 2.1%
(b) (a) + vorts Lo 5.2%
Loo 3.4%
(¢) (b) + lift estimator Loy 6.8%
Lo 7.2%
(d) (c) + actuator delay (A=1) Lo 14.7%
Lo 21.5%

Table 4.4: Performance metrics for complete wake flow model iterations
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Figure 4.36 shows the real turbine data from Thomsen et al.(2008) scaled to an approxi-
mate period of T=20 and A=0.1 with the baseline two term ILC developed in section 4.2.
The period and amplitude are fluctuating in a manor representative of actual turbine

inflow data.
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Figure 4.47: Two-term ILC applied to non-dimensionalised real turbine data
(Case Flow-20) with po = 15, A = 0, and g1 = 90 uncontrolled error (red),
controlled error (green) and control input (blue)

The results shown very good attenuation with performance metric ratios of of 1.3% (Le
and 2.1% ((Loo). It is reasonable to expect the controller to perform well with this
inflow because analysis has already shown that the two-term ILC algorithm is adept
at coping with fluctuations in the freestream velocity period and amplitude variations

aligned with those found in real turbine data with the additional of a wake model.

The addition of vortices in previous section has introduced additional stochastic effects
into the system and the same method is applied here. Twenty vortices are introduced
upstream of the aerofoil to ensure a vortex arrives at the aerofoil leading edge every 10t.
All vortices have the same strength of 0.02 and start every 10z horizontally upstream of
the aerofoil but the y starting position is randomised to ensure a random distribution of
vortices above and below the aerofoil. Figure 4.37(a) shows the system response when
the baseline two-term ILC is applied to the flow structure with twenty vortices. Figure
4.37(b) shows a more detailed plot of the inflow disturbance with and without vortices.
The performance metrics for this case are 5.2% (La and 3.4% ((Loo) which are only
slightly higher than the case with no vortices.

Figure 4.48: (a) Two-term ILC (o = 15, A = 0, and p; = 90) applied to real
turbine data with x20 vortices uncontrolled error (red), controlled error (green)
and control input (blue). (b) Lift disturbance no vortices (dashed grey), vortices
(magenta)

The controller used in all of the simulations in this section thus far have utilised the
direct lift from the model. In section 4.5, a 11 sensor array was developed and the
same sensor array is now used in the two-term ILC algorithm in the presence of the flow

disturbance shown in Figure 4.37. Figure 4.38 shows the system response when replacing
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the direct lift with the estimated lift. As expected the level of attenuation drops when
compared to the direct lift control but performance metrics are still reasonable with
values of 6.8% (L3) and 7.2% (Loo).

0.2 %10
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Figure 4.49: Two-term ILC applied to non-dimensionalised real turbine data
with pug = 15, A = 0, and pu1 = 90, estimated lift from a 11 sensor array.
Controlled error (red), control input (blue).

The next stage in developing a representative complete model is to integrate the lag of
the actuator response to a commanded control input. Sections 3.6 and 4.6, have shown
that increasing the speed of the actuator response results in an increase in performance
and reduction in the performance metrics for both the wake and non-wake model. To
gain an understanding of the effect of the actuator response rate on the configuration
developed in Figure 4.38, a range of actuator lags are modelled in Figures 4.39 to 4.41.
The simple actuator model developed in section 4.6 is used with values of A = 100, 10,
1, 0.1 and 0.01.
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Figure 4.50: Two-term ILC (up = 15, A = 0, and p; = 90) applied to real
turbine data with twenty vortices using a lift estimate as the controller input
and an actuator lag of (a) A = 100 and (b) A = 10. Controlled error (red),
control input (blue).

The results seen in sections 3.6 and 4.6 hold true for the specific flow configuration and
system model in this section. As the value of A decreases and the actuator response
becomes slower, the level of attenuation decreases. Figure 4.41 shows that a value of

A = 0.01 produce poor attenuation because the flow field responds very slowly to the
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Figure 4.51: Two-term ILC (up = 15, A = 0, and u; = 90) applied to real
turbine data with twenty vortices using a lift estimate as the controller input

and an actuator lag of (a) A = 1 and (b) A = 0.1. Controlled error (red), control
input (blue).
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Figure 4.52: Two-term ILC (uo = 15, A = 0, and p; = 90) applied to real
turbine data with twenty vortices using a lift estimate as the controller input
and an actuator lag of A = 0.01. Controlled error (red), control input (blue)

required circulation change demanded and within half a cycle the control does not have
time to create any significant effect on the flow field before the controller is demanded
a circulation change in the opposite direction. It is unlikely this actuator lag would
cause any significant instabilitys or non-minimum phase behaviour but the attenuation
level will always be poor. Reasonable attenuation is achieved for values of A >= 1
with performance metrics of 14.7% (L2) and 21.5% (L~). This equates to an actuator
response time of approximately 10% of the fluctuation period in the freestream velocity.
If investigation yielded that the demanded control outputs were not possible in terms of
circulation change generated by the chosen actuator then the control inputs would be

clipped and result in reduced attenuation and an increase in the performance metrics.
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4.9 Summary

The analysis path in section 4 has followed a similar route to that found in section 3
but with more detailed plant and controller modelling. This is a deliberate attempt to
highlight the implications of including a more detailed wake model in the flow model
when applying ILC. A comparison of the two sets of results can be found in the conclusion
(section 5). Section 4 provides evidence of success in applying different forms of ILC
to a range of flow conditions with the additional of smart rotor sensor and actuator
dynamics. The flow model is a simple vortex panel method with a wake model that is
only suitable for attached flow but stochastic aerodynamic effects have been introduced
to the system with the incorporation of upstream discrete vortices in addition to the
wake vortices leaving the trailing edge. The success of the controllers ability to attenuate
disturbances in lift has been measured by using performance metrics Ly and Ly as a

representation of the fatigue and extreme loading respectively.

Initially a proportional controller and phase-lead ILC were developed and applied to sim-
ple oscillatory disturbances in the freestream velocity. These algorithms were adequate
when attenuating a simple linear, deterministic system but performance significantly re-
duced with the introduction of stochastic vortices. A solution was developed to combine
the two forms of ILC into a two-term ILC algorithm that could account for the vortical
disturbances using the proportional controller and the freestream oscillations using the
phase-lead ILC. The simple structured two-term ILC performed well when considering
the system outputs only. This ensures simple hardware implementation as there is no

requirement for a state space model.

The results indicate good two-term ILC performance across a range of nonlinear and
stochastic flow conditions with the inclusion of the wake model. The same controller
and flow model with the wake model was tested for approximately 20 flow test cases
with various different combinations of period, amplitude and vortex distribution. All

performance measures fell below 30% of the uncontrolled case.

After simulation of perfectly sinusoidal disturbances in the freestream velocity, the anal-
ysis then considered wake flows with a variable period (section 4.3) and harmonic/non-
harmonic composition flows (section 4.4) in freestream velocity disturbances. The real
turbine data is the closest to reality in as this data has been taken from an instrumented
turbine and contains actual variations in the turbine period of oscillation, amplitude and
noise. The same two-term ILC algorithm was applied to this range of flow conditions

and good levels of attenuation were still possible.

The system outputs considered by the ILC algorithm in the applications mentioned
above have all derived the error from the direct lift and the control input. Section 4.5
considers the implications of applying the two-term ILC that references an estimated lift

in the error calculation. This step moves the analysis towards practical implementation
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because measuring direct lift on a wind turbine smart rotor section would be problematic.
The lift estimation generated is based on a pressure sensor array. The design of an
adequate array has been outlined with the effects on the performance metrics quantified.
The wake model sensor array (4.5.2) is very similar to the non-wake sensor array (section
3.5.2) with the main difference been the removal of one leading edge pressure side sensor
that gave poor lift correlation when including the wake model. As with the non-wake
model, increasing the number of sensors improves the estimate with a preference to not
position sensors on the leading and trailing edge extremities to avoid poor lift estimation.
Replacing the direct lift with a pressure sensor derived lift estimate resulted in slightly
reduced attenuation with a standard case dropping from performance metrics of 5.6%
(L2) and 13.1% (L) to 7.6% (L) and 14.2% (Lwo)-

Actuator dynamics have been integrated into the analysis by applying a first order lag
onto the control input. This is a simplified method of capturing the fact the actuator
device will take an amount of time to respond to a command and effect the aerofoil
flow. It has been shown that increasing the time lag on the actuator has a detrimental
effect on the ILC algorithms ability to attenuate disturbances both with a without
the wake model. An approximate value of A = 10 is the minimum value required to
retain respectable attenuation with a period of T' = 2.5¢t. This value of A equates
to approximately 10% of the period of oscillation. For a typical turbine operating at
nominal conditions, this equates to a actuator response time of approximately 0.5 seconds

which is feasible with modern actuation methods.

Performance metrics are reasonably consistent across all low configurations analysed in
section 4.7, with the highest performance metrics of 14.1% (L2) and 28.2% (L« ) for case
flow-15B. Positive angle of attack variation (section 4.7.1), variable period freestream
flow (section 4.7.3) and offset target lift (section 4.7.4) have minimal impact on the
performance metrics when using the wake flow model. The ILC algorithm gains remain
fixed throughout (up = 15, A = 0, u1 = 90) and all simulations show a stable lift response
with significant attenuation. The only increase in performance metrics values occurs
when the angle of attack is made negative, the strength of the vortices are increased
and multiple vortices are present. In the latter two instances the resultant effect on
the uncontrolled lift fluctuation is significant vortex induced variations in the lift. For
example, the increase in vortex strength in section 4.7.2 equates to approximately half
of the circulation on the aerofoil. This is a very extreme case which in reality is unlikely
to occur. Understandably there is a significant effect on the performance metrics for this
case, with the value of (Lg) and (L) approximately doubling. However, both metrics
fall below 20% percent and importantly the system response remains stable under these
extreme flow configurations. The intention of increasing the vortex strength is to show
the controller design is robust and the results have shown this to be true. Making

the angle of attack negative has a significant effect on the performance metric ratios but
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this is largely driven by the low performance metrics values for the uncontrolled negative

angle of attack case.

The above discussion focuses on varying flow parameters in isolation whereas section 4.8
considers the integration of all flow variables and the inclusion of sensor and actuator
behaviour. The controller gains remain fixed to the baseline values of py = 15, A =
0, 1 = 90 to avoid the need of applying variable gain controllers that are traditionally
more complex and less robust to instabilities. The same controller design adequately
controls the lift disturbances as the complexity of the flow model increases and actuator
and sensor characteristics introduced. The simulations are run over a larger time scale
of 200t to increase confidence in algorithm stability. With the vortices present, the
system is stochastic so traditional analytical stability control techniques cannot be used.
Real turbine data is used as the input disturbance in the freesream velocity and the
controller attenuate well for the case with and without vortices. The vortex frequency
is approximately twice per cycle and causes no issues with the ability of the ILC to

attenuate well. Performance metrics fall below 6% for both non-vortex and vortex flow.

These performance metrics are based on idealised sensor and actuator behaviour, i.e.
exact lift calculation and instantaneously responding actuation and circulation change
on the aerofoil. This is clearly not realistic so the plant model is advanced to mimic the
behaviour of an actual system. Replacing the direct lift with an estimated lift provided
to the controller has little effect on the ILCs ability to attenuate. The estimator is
adequate at providing accurate lift information to the controller for large periods and

frequencies and strengths of vortices seen in Figure 4.37.

A decisive contribution to the effectiveness of a smart rotor system using ILC appears to
be the response rate of the actuation system. A first order lag is applied to the control
input and applied to the flow configuration of the complete model using lift estimation
as a control input. Figures 4.39 to 4.41 show the significance of reducing the speed of the
actuator response and the fact a very slow actuator can lead to the circulation change
having very little impact on the flow disturbances. The actuator needs to achieve a time
constant of approximately 10% of the period of rotation in order to achieve satisfactory
levels of attenuation. This is one of the advantages of localised actuation inherent in
smart rotors, as they have a very good chance of achieving this response rate whereas

full blade pitching would struggle.






Chapter 5

Conclusions

5.1 Summary of Contributions

This piece of research has contributed to the knowledge of Iterative Learning Control
within the context of a fluid mechanics problem, specifically smart rotor systems on wind
turbines to improve aerodynamic performance. Application of ILC in the field of aerofoil
aerodynamics is rare and this work is the first known study into the feasibility of using
ILC for wind turbine smart rotors. This is the first time a nonlinear vortex panel method
has been used to accurately model a 2D wind turbine aerofoil with the application of
ILC within the framework of typical wind turbine flow conditions. The uniqueness of the
work presents a quantitative study of combining a simple ILC scheme that only considers
the fluid mechanics plant model outputs with more traditional integral and proportional
control. The principle advantage of the ILC investigated over more traditional PID
control is the removal of the delay inherent in a closed loop feedback system. The ILC
algorithm takes advantage of the data available from previous rotations of a wind turbine
to efficiently iterate towards the ideal control command profile that will result in reduced

blade loading.

The smart rotor concept provides significant advantage to wind turbine design but the
standard methods of actuation, sensing and control have yet to be defined. This work
considers a realistic and non-specific method of actuation and sensing in order to analyse
the effectiveness of ILC with the primary objective of reducing fatigue and extreme loads
experienced by a wind turbine during normal operation. The reduction of these loads
leads to lighter, larger and more reliable turbines that will ultimately have the potential
to reduce the cost of wind energy. This work does not provide evidence of improved
control performance of smart rotor systems when compared to more traditional pitch

control techniques as this is well established within the field.

A simple CFD model based on a panel method has been applied to the problem of oscilla-

tory flow past an airfoil with vortical disturbances in the flow, interacting stochastically

99



100 Chapter 5 Conclusions

with the airfoil, and with trailing edge vorticity or circulation generation for actuation,
as a model of a section of a smart wing turbine rotor blade. The flow conditions have
been extended to quantify the effect of variable period flow and composition flow with
panel methods with and without a nonlinear wake model. These models have been used
for a detailed initial investigation into the application of simple structure ILC in this
area. The need to build a state-space representation of the dynamics was not required
and the simple structure ILC laws can be designed by consideration of the system out-
put. Two different measures were used to assess the ability of the method to damp the

disturbances, an Ly norm (fatigue load) and an L., norm (extreme/peak load).

The research provides quantitative evidence on the suitability of ILC application for
smart rotors and provides typical sub-system component limitations in terms of meeting
the objective of reducing extreme and fatigue loading. It has been concluded that actu-
ator dynamic response is a driving force in how much scope the smart rotor system has
to attenuate lift disturbances. It has been estimated that the actuator time constant, in
terms of creating the circulation demand required, needs to be less than 10% of the wind
turbine period of rotation to have significant effect on the lift oscillations experienced
by the turbine. However, the response time required to significantly damp out the ef-
fect of convective disturbances is much more demanding, approaching frequencies in the
kHz range for a flow actuation device towards the tip of a 100m blade. The number of
pressure sensors used in the lift estimation as the controller input is also identified as a
key performance factor. Reductions in the Ly and Lo norms for the two-term ILC case
with a real turbine inflow disturbance, wake vortex panel method, stochastic vortices
convected twice per period, a 11 pressure sensor lift estimator and an actuator with a
response rate of 10% of the period, resulted in reductions to 14.7% (L) and 21.5% (L)
of the uncontrolled case. The effect of limiting the magnitude of the actuator control

input has been discussed at the end of section 4.

The conclusions made for this research are only valid for 2D, attached aerofoil flow.
Separated flow and 3D effects are likely to affect the conclusions made and is an obvious
area of further research. While attention has been allocated to actuator and sensing
performance, this analysis has been strictly in terms of the effect upon the ILC algorithms
ability to attenuate flow disturbances. Only qualitive discussion has been provided on

the impact of the control command in terms of actuator and sensor degradation.

Although this thesis has concluded that only the oscillatory disturbances can be signif-
icantly attenuated unless more advanced sensing and actuator methods are developed,
ILC in principle would be capable of integrating with traditional control schemes to
attenuate fast moving flow convected disturbances. In the context of a wind turbine, at-
tenuating only the slower, large period oscillations effectively is still worthwhile because
these disturbances contribute to most of the blade loading. The application of actual
turbine data has shown that disturbance scales between periodic fluctuations, due to

the atmospheric boundary layer, and small scale vortices can be attenuated using ILC
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with realistic actuator and sensor specifications. An example of such a disturbance is a
large scale gust. The ILC is inherently taking advantage of the dynamics of the turbine
system by utilizing previous cycle control and error information. The results show sta-
bility over a wide range of flow disturbances, configurations and vortex strengths that
add evidence to the robustness of the ILC algorithm for the application in question. The
control laws in this thesis have simple hardware implementations, whereas model-based
methods often require state estimation and added complexity to the local controller
hardware. Model-based ILC design is mature and an obvious area for further research
is to consider these techniques for this application by constructing a state-space model
representation of the dynamics from the CFD-generated data. The results in this thesis
provide a significant step towards quantifying the potential of ILC for smart rotor appli-
cation before developing more complex model based designs and eventually experimental

turbine testing.

5.1.1 Flow Model

The plant model used is of sufficient detail to gain confidence in the above conclusions.
The vortex panel method considers the shape of the aerofoil as opposed to simpler
methods (e.g. thin aerofoil theory) and is fully nonlinear when considering the wake
effect of the vortices leaving the trailing edge every time step. The two main sections of
the work have similar analysis structures with the intent of highlighting the significance
of including the nonlinear wake model. The wake model is a more accurate representation
of the actual conditions on the turbine so is the preferred model but it is inherently more
computationally expensive, so advantages would be gained if the non-wake model was
adequate in particular scenarios. An initial observation is that the inclusion of the wake
model makes the ILC scheme more robust to variations in the previous time step offset,
A. The non-wake flow model allows for very little change in the value of A before
instabilities arise whereas the inclusion of the wake model enables the value of A to
vary by +/ — 8 time steps. It is therefore recommended to avoid using the non-wake
model when undertaking stability analysis and controller gain design because the flow
model could drive instabilities that would not be present in the actual system. The
stability margin seen in the wake model also provides robustness to system errors, such
as cumulative electronic and mechanical component errors. The inclusion of the wake
model effectively creates a lag on the lift change of the aerofoil due to flow disturbances.
Results show that this means less aggressive changes in lift and an allowance for a
slightly slower responding actuator. This lag effect is also responsible for the phase
difference seen between the control input and the lift response when the wake model
is introduced. Because the ILC algorithm accounts for the flow behaviour in previous
cycles, the wake lag effect is automatically considered and no algorithm offset is required

to avoid instability or poor performance.
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The fidelity of the CFD model used could be improved to undertake more detailed study
and is an opportunity for further work. More advanced CFD modelling techniques, such
as direct numerical simulation, to replace the vortex panel method would likely uncover
more insights into the suitability of ILC and wind turbine smart rotors. This approach
would give more detail into the flow conditions and include all viscous effects and extend
the validity of the analysis to non-attached flow. Additionally the flow characteristics of
bespoke actuators and sensors could be analysed, their effects quantified and ultimately
give results with greater confidence in smart rotor systems using ILC. Insights into
flow phenomena such as separation bubbles, trailing edge separation or boundary layer
interaction may or may not have a significant impact on ILC performance. It would also
offer the opportunity to advance ILC schemes to include, for example, separation points

as controller inputs.

The nature of the flow disturbances in the model offers another opportunity for further
research. Currently only steady state variations in lift have been analysed. During a
single rotation of a turbine blade, the angle of attack onto the blade varies. Modelling
this within the current flow model would significantly increase computational effort but
would give more insight into ILC schemes in the context of wind turbine applications.
Moving the aerodynamic model into the 3D domain and coupling with a structural model
would offer a new array of issues not tackled within the current work, predominately
an insight into the link between load variations on a blade section and the forces at the
blade hub. Forces generated at smart rotor locations at the tip would be larger but
take longer to travel to the hub than devices further inboard, and would need to be
considered when designing ILC algorithms with multiple inputs and outputs. A more
detailed understanding of the vortex structures would be required in terms of frequency,
magnitude and direction. Such 3D aero-elastic models would enable investigation of

advanced topics such as blade to blade learning.

5.1.2 ILC

Sections 3 and 4 have quantified the effectiveness of ILC across the range of flow condi-
tions relevant to wind turbine smart rotors. One of the early conclusions is that the ILC
algorithm is effective at attenuating oscillations in the global lift caused by fluctuations
in the freestream velocity, and the more traditional proportional type controller is suited
to attenuating the stochastic disturbances from the discrete vortices. It has been shown
that combining these two control philosophies results in an effective controller than can
attenuate a range of flow disturbances typically experienced during normal wind turbine
operation. The controller gains appear to be ok as fixed values, as opposed to requiring
application of variable gains or gain scheduling. As discussed above, a value of A = 0

is recommended, since this value allows for error while maintaining stability. When
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analysing non-sinusoidal flows, it is apparent that the reference period in the ILC algo-
rithm should be set to the value of smallest harmonic present. This value is expected
to be the value of the period of rotation but there are scenarios where this may not
be the case. For example, a faulty turbine might induce smaller harmonics within the
system. Setting the ILC reference period to the smaller harmonics will ensure greater
attenuation. The cut-off frequency would be set by the design engineer and deemed to
be the frequency at which the effects of the disturbance on the blade fatigue loading are
minimal. Because the application of ILC within the area is unique, there are a number
of opportunities for further research. A 3D aero-elastic model, as discussed above, could
be used to study the potential of using ILC for MIMO systems as a combination of
multiple smart rotors, blade pitch control or both. This would also enable system level
comparisons to other suitable control schemes (e.g. repetitive control, model predictive
control, traditional PID control) that are at sufficient maturity in the context of wind
turbine control. Further work at the 2D level could include a more detailed analysis of
the control demand in terms of component wear and energy use. Solutions could include

new controller objectives to offset wear and energy use against load reduction.

5.1.3 Smart Rotors

Simple specification requirements for smart rotor actuators and sensors have been de-
veloped but more detailed investigation is required into specific hardware devices. The
lift estimator develop has successfully been used with the ILC algorithm to attenuate a
range of flow disturbances. The level of attenuation is expectedly less than when using
the direct lift from the vortex panel method. A critical point is the effect that introduc-
ing lift estimation has on the control input command profile. Integrating lift estimation
into the control feedback results in a noticeably more aggressive control command pro-
file. Whilst this is not quantified in this research, any further work on lift estimation
would require consideration of the control input fluctuation and subsequent demand for

actuator movement.

A general conclusion can be made from the results that periodic disturbances can be
attenuated with fewer pressure sensors, compared to stochastic vortices. However, if
the stochastic vortex effects are to be attenuated then the number of sensors needs to
be increased. The sensor array design is an important consideration and poorly placed
sensors can result in poor attenuation and potentially result in an unstable system. Rec-
ommendations across the non-wake and wake model are to avoid the leading and trailing
edges, but ensure enough sensors are included to capture the movement and hence lift
fluctuations generated by the vortices. A relatively even spread of sensors across pres-
sure and suction surfaces is favourable over high density pressure sensor clusters. Areas
with high density arrays tend to over-predict the influence of the vortex as it passes and

underestimate the effect in less dense areas. If the fatigue loads are the design driver,



104 Chapter 5 Conclusions

then potentially less pressure sensors can be deployed as the results indicate reasonable
fatigue load reduction with fewer sensors. If extreme loads are the design driver, then
more sensors would be required as Figure 3.17 indicates poor extreme load reduction
for cases with four or less sensors. More advanced work with the pressure sensors could

include system identification of flow disturbances and real-time on/off control of sensors.

One of the principle conclusions from this work is that traditional sensor and actuator
characteristics means fast moving vortices convected with the wind cannot be attenuated
significantly. It is unlikely refining the ILC scheme will yield any significant improve-
ments with this current system specification. Either the sensing or actuation system
needs to improve. A current research area within the wind turbine industry is LIDAR
technology and an area for further research could be its application to ILC driven smart
rotors. The LIDAR sensor would provide information of the disturbances that will in-
teract with the blade before they arrive and give the actuation system more time to
respond. Methods to improve the speed of the actuation method could include pre-
layered composite structures that deflect into a predefined shape depending on the loads
experienced. These devices would require very detailed analysis of the fluid-structure in-

teraction behaviour and would not be suitable for analysis with the vortex panel method.
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