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Summary

Wind energy is one of the most attractive solutions to help switch to a more sustainable way
of energy production. The current decade has seen a steep increase in the installed capacity
of wind turbines worldwide. This increasing trend in the installed capacity has put forth
several challenges to maintain wind power as a profitable source of energy compared to other
conventional energy resources.

The power generated from wind is not synchronized to the electrical frequency of the power
grid. So grid balancing and reliability services have to be assured when the output from a
wind farm is integrated into the electrical grid to avoid the risk of blackouts and disrupting
electrical services. Active Power Control (APC) methods are employed to provide grid bal-
ancing ancillary services such as frequency control. One type of active power control method
is the Automatic Generation Control (AGC), where the objective is to have the total power
generated from a wind farm, track the power demand requirements obtained from the utility
grid.

To be able to provide this kind of support, the wind farm should be able to operate below
their maximum power production capacity i.e, in derating mode. The total power generated
from the wind farm can track the demanded power reference signal, provided when each of the
turbines in the wind farm can also be derated, and have the capacity to track their respective
power setpoints. The amount of power that a wind turbine can generate depends on the wind
speed that the turbine faces. The presence of wakes in the farm results in the downstream
turbines in the wind farm to experience reduced wind speed and increased turbulence. So
considering the presence of wake effect, a wind farm controller is developed to coordinate and
distribute the overall power reference signal as set points to the individual turbine such that
the sum of the power generated from the individual turbines tracks the total power reference
signal.

Many model-based and model-free APC algorithms for wind farms are proposed in the lit-
erature. The model-based algorithms depended on the accuracy of the model used, and also
were evaluated in a low fidelity simulation environment. But the researchers have also em-
phasized the need to test the algorithms in high fidelity models. Also, the earlier works on
APC for wind farms revealed the need for a closed-loop wind farm control strategy to combat
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the effect of wake turbulence. The presence of wakes posed several challenges on obtaining
the estimate of the available power at every turbine on a time scale of seconds. Yet, some
model-free algorithms were dependent on the estimation of available power at every turbine
in the wind farm. This, leads us to the question, Can a wind farm controller be de-
veloped to provide APC for waked wind farms, where, the setpoint selection and
distribution are made without estimating the available power at each turbine?

To explore the answer to this question, a single wind turbine power tracking control algorithm
is developed as the first step. This tracking algorithm does not depend on the estimation
of available power and it makes an individual wind turbine in the wind farm to track a
given power reference signal. The proposed algorithm makes the turbine operate on two
different operating modes namely, the perfect tracking mode and greedy/boosting mode.
The algorithms were developed in a way that they can be integrated with the existing torque
and pitch controllers. The proposed algorithm was evaluated in a high fidelity model called
as Simulator fOr Wind Farm Applications (SOWFA) for a two turbine case. The results of
the simulation were promising as both the turbines were able to track their respective power
references.

Following this, a closed-loop wind farm control strategy has been developed. The Proportional
Integral (PI) based closed-loop wind farm controller takes the total power generated from the
wind farm as the feedback signal. Based on the operating mode of the individual turbines, the
wind farm controller coordinates and distributes the total power reference signal as individual
power setpoints to the respective wind turbines. To determine the gains of the PI controller,
the overall tracking performance of the wind farm controller is evaluated for varying controller
gains, and the controller gain that leads to better tracking performance was finalized to be
the gain of the controller.

The performance of the closed loop wind farm controller was evaluated for a 9 turbine case
in SOWFA environment. Four different scenarios were simulated. They differed from each
other based on the way the turbines in the wind farm are derated and the individual set
points to the turbines are distributed by the wind farm controller. Simulation results showed
that the scenario in which the upstream turbines in the wind farm are derated more than the
downstream turbines, the tracking performance was better compared to the other scenarios.
The Damage Equivalent Loads (DEL) experienced by the tower base of the individual turbines
were also calculated and each of the scenario resulted in different loading patterns. In addition
to this, recommendations are also provided to extend this work and perform further research.
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Chapter 1

Introduction

Over-dependence on fossil fuels for power generation has caused environmental concerns over
the years. Hence, there is considerable attention being given to alternative methods of gen-
erating power. Out of all the alternative sources of energy, wind is an inexhaustible resource
which is available all over the world. The Secretary-General of World Wind Energy Associa-
tion (WWEA), Stefan Gsédnger emphasizes that,

“[...] The global transformation of the energy system towards renewable energy is on its
way, and wind power is a major force in this development, having become a major pillar
of power supply throughout the world. Some countries are making very good progress in
accelerating wind power deployment rates. Such acceleration is imperative not only to achieve
the objectives of the Paris Climate Change agreement and the Sustainable Development Goals
but also for every country to participate in the full socio-economic advantages of renewable
energy [3]”

As per the statistics released by the WWEA [1], by the end of the year 2019, the global
wind power capacity has seen a growth rate of 10.1 % compared to the previous year. The
worldwide installed capacity of wind turbines by the end of 2019, reached 601 Gigawatt as
shown in Figure 1-2 . This enormous amount of increasing trend in the installed capacity
has put forth several challenges to maintain wind power a profitable and competitive cost of
energy compared to other conventional energy sources.

Wind energy is expected to be the largest source of energy in Europe by 2030 as the contribu-
tion of wind energy to electricity generation has increased multi fold in the past decade [5,58].
The deployment of large-scale offshore wind farms have been restricted due to the high costs
of offshore wind energy as well as the utility grid balancing costs for the power output from
an offshore wind farm '. However, with the advancements achieved in control methods, wind
farms are now able to provide grid balancing services as an ancillary service apart from its
main objective of power mazimization [22] and load optimization [14].

'A wind farm is any group of wind turbines that acts together as a power plant and generate electricity.
Offshore wind farms vary in size from a small number of turbines to several hundred wind turbines covering
an extensive area in the sea as shown in Figure 1-1.
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2 Introduction

Figure 1-1: Part of the Gemini offshore wind farm located in the Netherlands.
Picture taken from https://www.vanoord.com/sustainability/energy-transition/
gemini-social-environmental-and-economic-spin

1-1 Active Power Control (APC) - an ancillary service

The power generated from the wind is not synchronized to the electrical frequency of the
power grid. So grid balancing and reliability services have to be assured when the output
from a wind farm is integrated into the electrical grid to avoid the risk of blackouts and
distrupting electrical services [6,19].

Active power control (APC) for an offshore wind farm is a control method to actively control
the total power generated by the farm and balance it with the power consumed on the utility
grid. With the advent of new economic policies worldwide [5], there need to provide market
incentives for wind turbines to control their active power output and provide ancillary services
such as frequency control [39] is on the rise. The contribution of wind power plants (WPP)
in frequency support can be classified into

e Inertial control: Inertial control is the immediate response to a power disturbance
event that occurs based on power supply-demand imbalance. During the initial instants
of a frequency drop, in order to limit the rate of fall of frequency, wind farms can be
used to provide inertial frequency support. For this, the kinetic energy stored in the
rotor of the wind turbines are extracted [10,17,18].

e Primary Frequency Control (PFC): PFC is the response that follows the inertial
control response. During the loss of supply or loss of load events, the power output of
the generators are increased or decreased to balance the generation and load.

Naveen Rajasekaran Master of Science Thesis
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Figure 1-2: Global cumulative installed wind power capacity from 2001 to
2019 Picture taken from https://www.statista.com/statistics/268363/
installed-wind-power-capacity-worldwide/

e Automatic generation control (AGC): In AGC, one of the objective is to have
the power generated from the wind farm track the power reference signal generated by
Transmission System Operator (TSO), during a span of several minutes [19]. To be
able to provide this kind of support, wind farms should be able to operate below their
maximum power production capacity i.e, in derating mode. In this thesis, the focus
is on the AGC method in which the wind farm should track a power reference signal
provided by the TSO.

1-1-1 Overview of active power control for a wind farm

A schematic showing the interconnection between the TSO, utility grid , the wind farm
controller and the individual turbines can be seen in Figure 1-3. Preftot ¢ R refers to
the overall power reference command received by the wind farm controller. The predicted
available power of the entire wind farm, P! € R, is communicated back to the TSO by the
wind farm controller. The wind farm controller distributes the overall power reference signal
as set points to the N individual turbines in the wind farm, P%™ ¢ RNT. P* ¢ RNT denotes
the estimate of the available power at every turbine. The wind farm controller distributes
the set points based on this estimate. Each individual turbine in the farm is equipped with
a pitch control and a torque control system that controls the power generated out of the
turbine.

Master of Science Thesis Naveen Rajasekaran


https://www.statista.com/statistics/268363/installed-wind-power-capacity-worldwide/
https://www.statista.com/statistics/268363/installed-wind-power-capacity-worldwide/

4 Introduction

Wind farm
.
> Turbine 1
( A > Turbine 2
Pre ftot eER N
T50 .
l :
A i =
aitam » Turbine N-1
! controller
patot - @ pdem = RNt Turbine N
Set point i ™
-—— S
distribution - . 3
H - Pitch f
. Control
v —
1 e Turbine
utility , / \ output
Grid P* e RV T
Torque g A
- 4 Control
A
PeRN

Figure 1-3: A schematic representation giving an overview of the wind farm controller showing
the interconnections and signal flows involved between the TSO, utility grid, wind farm controller
and individual turbines inside a wind farm.

1-1-2 The wake challenge

When APC has to be provided for a wind farm, the wind turbines in the farm, are coordinated
to generate power to match the demand from the utility grid. The maximum power that the
turbines in a wind farm can generate depends on the wind speed faced by each turbine.
Within a wind farm, when a wind turbine extracts energy from the wind. The wind flow
in the downstream of that turbine changes. The change in the wind flow is called the wake
of a turbine. Wakes lead to increased turbulence and reduction of wind speed faced by the
downstream turbines. Hence, the development of APC for a wind farm should consider the
effect of wakes as well. Studying and modeling the wake behaviour is a separate research
topic by itself and that is out of the scope for this thesis. To maximize total power generation
and minimize the power losses caused by the wakes, several strategies have been proposed
in the literature. Some of them are based on redirecting the wakes around the downstream
turbines by yawing or tilting [9,23,43,55] the wind turbines and the others are based on the
redistribution of power contribution of each turbine [47,49]. In this thesis, the works related
to the latter are only considered.

1-2 Previous work on APC for wind farms

In recent years, significant amount of research have been published related to active power
control for wind farms. Researchers have proposed and analysed different APC algorithms
[6,7,11-13,21,25,27,32, 38,44, 48,52-55,57]. Some significant ideas and excerpts from some
of those literature will be presented in this section.

The early works of implementing APC control for a wind farm was demonstrated by Fleming
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1-2 Previous work on APC for wind farms 5

et al. [21]. In this paper, an open loop supervisory controller coordinates the turbines by
derating them and evenly distributing the power set point requirements to the individual
turbines. A Computational Fluid Dynamics (CFD) simulation study was done for a low
waking and a high waking case. Although the open loop controller managed to yield very
good power tracking performance for the low waking case, the performance of that controller
proved to be unacceptable in case of high wake interaction.

To overcome this problem, a simple, model free closed loop solution was developed by van
Wingerden et al [58]. Set point distribution to the individual turbines were done based
on an estimate of the available power at every turbine. The author also pointed out the
estimation of available power at every turbine is a challenging task because of the largely
unpredictable nature of wind at a faster timescale. Thus to avoid that uncertainty, the wind
farm power measurement was taken as the feedback and a simple Proportioanl Integral (PI)
based closed loop controller was developed. The controller proved to be stable and very
effective in improving the wind farm behaviour in the presence of wake interaction between
the turbines. The performance of this closed loop wind farm controller was evaluated for
a 9 turbine case arranged in a 3x3 grid, by using the high fidelity model - Simulator fOr
Wind Farm Applications (SOWFA) tool which has a Fatigue, Aerodynamics, Structures, and
Turbulence (FAST) wind turbine simulator coupled to it for computing the dynamic response
of wind turbines. The simulations were performed for two different scenarios. In the first
scenario (Case: 50-50-50), every turbine was derated to 50% of the rated power and in the
second scenario (Case: 80-50-20), the first row of turbines was derated to 80%, the second row
to 50% and the last row to 20%. The results showed that there exists disparate loading patters
on the wind turbine components, for the case where the power set points were determined
differently.

Siniscalchi et al. [48] proposed a control strategy to maximize the power reserve in the wind
power plant while satisfying the power demand requirements. An optimization procedure was
developed to distribute the set points to individual turbines. The proposed strategy reduces
the power contribution from the upstream turbines such that the downstream turbines face
increased wind speeds resulting in higher available powers. Simulations were performed in
a relatively simple AEOLUS SimWindFarm (SWF) Simulink toolbox for a 12 turbine case.
The proposed set point distribution strategy proved to perform better when it was compared
with the case where the set points were distributed proportional to the available powers at
each turbine. The effect of the proposed power maximization strategy on the mechanical
loads were not studied in this work and also the author has emphasized the need to test the
proposed algorithm in a high fidelity simulation environment.

Apart from the model free approaches, researchers have also developed model based APC
solutions recently. Model Predictive Control (MPC) based solutions for optimal distribution
of power reference to the individual turbines in the farm by taking wake interactions into
consideration can be found in [32,46,52].

Zhao et al. [60] proposed an MPC based solution for providing APC for wind farms. This
method had a high level controller to distribute power commands and a low level MPC based
wind farm controller that operates on a higher frequency when compared to that of the high
level controller. Although the proposed controller managed to reduce the fluctuations in the
power output and reduce structural loads, the proposed solution had its limitations because
of its open loop characteristics.
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6 Introduction

Another MPC based solution to reduce structural loads has been presented in [44]. However,
reducing computational complexity of MPC based solutions is still an open research topic
for large wind farms [52]. Bay et al. [11] developed a distributed MPC based solution that
reduces the computational complexity by limiting the communication among the turbines in
wind farm.

1-3 Problem statement and thesis objectives

Looking at the previous work done on APC for wind farms in section 1-2, the following points
can be inferred.

e To make the total power output of the wind farm track a demanded power reference
signal, an overall wind farm controller must coordinate the power set points of the indi-
vidual turbines in such a way that the power produced from the individual wind turbines
sums up to the desired amount. The coordination of set points becomes complicated
because of the presence of wakes.

e The set point distributions were done based on the estimate of the available power. It
is a challenging problem considering the unpredictable nature of the wind and hence
the estimation of available power at a faster time scale becomes difficult.

e A closed loop wind farm control strategy is necessary to compensate for the uncertainty
in the estimation of available power and thereby redistribute the set points to the
turbines to address the under-performance of some turbines due to the lulls.

e Many wind farm controller studies have proposed various methods for active power
control and verified the performance through simulations. They have limitations because
simple wind turbine models are only used in their simulations. A better insight about the
performance of the control strategies developed for waked wind farms can be obtained
when the controllers are evaluated in a high fidelity simulation environment.

e Model based methods require accurate models and also most of the model based methods
for wind farm APC were simulated using low fidelity models. Hence, model free methods
only will be considered for the thesis.

Considering the inferences mentioned above and also the drawbacks realized from the liter-
ature as discussed in section 1-2, leads to the following questions which can be the problem
statements under consideration for this thesis.

e Can a wind farm controller be developed to provide APC for waked wind
farms, where, the set point selection and distribution are happen without
estimating the available power at each turbine?

e How do different set point distributions affect the tracking performance of
the controller and how does the load experienced by the turbines differ based
on different set point distribution scenarios?

e How is the tracking performance affected when the gains of the wind farm
controller are changed?

Naveen Rajasekaran Master of Science Thesis



1-4 Outline of the thesis 7

1-3-1 Objectives of the thesis

The objectives of the thesis are framed based on the problem statements under consideration.

e First, a control system that commands an individual wind turbine to track a given
power reference set point is developed.

e Second, a wind farm controller that considers the operating mode of the individual
turbine to distribute the power set points such that the total power output of the wind
farm will be made to follow the demanded power signal is developed.

e The performance of such a controller is evaluated under different set point distribution
scenarios and the damage equivalent loads of individual turbines are evaluated and
compared for the respective scenarios

All the simulations will be performed in a high fidelity simulation environment for a 9 turbine
waked wind farm.

1-4 OQutline of the thesis

Apart from the introduction chapter, this thesis has 4 more chapters and the chapters are
divided as follows.

e Chapter 2: The preliminaries for understanding a wind turbine control system is de-
scribed. Following that the development of the control system that enables the wind
turbine to track a given reference is proposed and discussed. Finally, the performance
of the proposed controller is evaluated with a simulation study for a 2 turbine case.

e Chapter 3: The wind farm control development procedure to that coordinates all the
turbines in the given wind farm and makes the total power output of the wind farm
follow a demanded trajectory is discussed.

e Chapter 4: To evaluate the proposed wind farm controller, different scenarios for set
point distributions are considered. The way in which the simulations are set up for a 9
turbine wind farm case is discussed in the beginning . Following that, the performance
of the controller is evaluated and discussed for the respective scenarios.

e Chapter 5: The concluding points of the thesis are given. Following that the recom-
mendations for future research are also suggested.
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Chapter 2

Single wind turbine power reference
tracking control

In the introduction chapter, we saw about the importance of active power control algorithms
and how they are used to enable a wind farm to deliver the power levels demanded by
the TSO. The main task of an active power controller for a wind farm is to adequately
distribute the total wind farm power reference over the individual wind turbines such that
the total power generated from the wind farm, obtained by the sum of power generated from
individual turbines tracks the power reference. This is possible only when the turbines in the
wind farm are able to track a given power reference. A typical wind turbine can be made to
track a power reference by means of derating i.e, by lowering the power output of individual
turbines [44] [6]. In this chapter, we will see about the development of a single wind turbine
control system that enables the turbine to track a given power reference. In Section 2-1, a
brief overview is provided about traditional wind turbine control system. The relevant works
done previously with respect to the development of a single wind turbine reference tracking
control are discussed in Section 2-2. In Section 2-3, a method to derate a single wind turbine
to make it track power set point is proposed. In Section 2-4, the proposed algorithm is tested
and evaluated by using a high-fidelity simulation model for a 2 turbine case .

2-1 Wind turbine as an energy source

Majority of the large scale wind turbines today are Horizontal Axis Wind Turbine (HAWT).
These turbines are operated in an upwind manner [5]. When wind passes over the blades of
the turbine, it produces a lift force and this induces a rotational torque.

For a uniform wind field, if p is the air density and v is the wind speed passing through the
swept area A of the rotor disk, then the power in that uniform wind field is given by

1
P, = §pAV3
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Figure 2-1: A characterization of the power coefficient C), of the NREL 5 MW wind turbine.
The black line represents the TSR A, and the collective pitch angle f3, resulting in the optimal
power coefficient C)

The wind turbine can only capture a fraction of the power in the wind. The ratio of the power
captured by the turbine to the power in the wind is given by Cy(5, ), also referred as the
power coefficient. C), is a function the collective pitch angle 8 and the Tip Speed Ratio (TSR)
A . A characterization of the power coefficient C), for the wind turbine used in this study is
shown as a contour plot in Figure 2-1.

Tip Speed Ratio (\) is defined as the ratio between the tangential speed of the tip of a blade

and the actual speed of the wind. This is given by, A = 2 where R is the rotor radius and

v )
w, is the rotor speed.

The aerodynamic torque captured by the blade is transferred to the hub of the turbine,
which connects the blades to the generator through a drivetrain system. The wind turbine’s
generator converts the mechanical power of the drivetrain to electrical power which is either
directly injected to the grid or first converted to the grid frequency via power electronics.
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Figure 2-2: Wind turbine operation regions [41]

2-1-1 Operating regions and control of wind turbines

The primary goal of traditional wind turbine control system is to mazximize the energy capture
and minimize the structural loads [6]. The focus of the control objectives differ depending
on the operating regions of the wind turbine, which is usually divided into three regions as
shown in Figure 2-2.

o Region I: Below the cut-in speed is the Region I. Here the wind speed is too low for
the operation of the wind turbine.

e Region II: The region between the cut-in wind speed and the rated wind speed is Re-
gion II. The primary objective of the wind turbine operated in this region is maximizing
the amount of power extraction. In standard Region 2 control, the goal is to maintain
the TSR at the optimal level A,. By holding the collective blade pitch angle at a con-
stant value f,, the generator torque is varied to achieve TSR value as A.. Thereby, the
turbine is made to operate at the maximum C), value. This is called as the generator
torque control. If w, is the generator speed, then the generator torque controller
works on the law given by,

Tg = Kng
_ prRPCy(Biy M) (2-1)

K
r 2)3

e Region III: In above-rated wind conditions (Region III), the idea is to mitigate loads
on the mechanical structure and on the power electronics by limiting the power capture.
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Figure 2-3: Traditional wind turbine control system

To regulate the generator speed and make the turbine operate at the rated speed value,
the blade pitch controller is used. Here the pitch angle (/3) of each blade is collectively
adjusted by the same amount in response to the rotor speed measurement. This is called
Collective Pitch Control (CPC) [36]. This is traditionally done by holding the generator
torque constant so that the generator speed (rotor speed) is at the rated value. The
blades of the turbine are pitched to sub-optimal conditions, thereby purposely deviating
from the optimal Cp (A, Bx) [41]. A standard collective blade pitch control system uses
proportional integral (PI) control. This PI controller regulates the generator speed to
the rated value by acting on the generator speed error signal.

e When the wind speed is above the cut-out wind speed and the wind turbine is shut
down by supervisory control. This is termed as the Region IV.

Figure 2-3 shows the schematic block diagram of the traditional wind turbine control system
having torque and pitch control loop. The torque controller block functions on the control
law as shown in equation 2-1 and that mode is switched on when the turbine is operating
for power maximization in the below rated condition. The pitch value is maintained at the
fine pitch angle 5.. When the power generated from the turbine reaches the rated power or
when the available power in the wind reaches the rated value, the torque is maintained at
Ty rated and then the collective pitch control loop is switched on. The mode switch uses the
information on generator speed, blade pitch angle and power output from the turbine and
their respective rated limit values to enable the right control loop.

2-1-2 Need for derating the turbine for power reference tracking?

The power generated by the wind turbine is P = % pAC,(B, \)v3. For maximizing the power
production, the torque controller aims to track the optimal power coefficient C until the
power produced by the turbine reaches rated power. As C), being a function of TSR and
pitch angle, the rotor speed is controlled through the generator torque such that the turbine
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operates in the desired optimal TSR value to maximize the power produced. In simple words,
the torque controller in equation 2-1 tries to track the optimal C, everytime to produce
maximum power. When the turbine is demanded to produce certain amount of power so
as to track the demanded power command from a higher level wind farm controller, the
traditional wind turbine control system is incapable of doing that. Tracking a power command
by derating the turbine is to track a sub-optimal C), value. Hence efforts have been made
to develop control algorithms to track sub optimal C), and thereby achieve demanded power
tracking by means of derating the turbine.

Some of the significant algorithms developed earlier will be discussed in in section 2-2 to un-
derstand the general approach followed by the researchers. Drawing inspiration from the that,
a new algorithm for a single turbine power tracking control will be proposed and discussed in
section

2-2 Previous work on single wind turbine power reference tracking
control

Aho et al. [6] developed the a wind turbine control system which actively controls the power
output of the turbine to track power set point commands. The algorithm derates the turbine
by operating it at a TSR value that is higher than the optimal TSR value and thereby
the kinetic energy on the rotor is stored which can be used to provide primary frequency
response. The power tracking is achieved by scheduling the K7 value in the torque feedback
law (equation 2-1) according to the power set point commands and also by adding the low
pass filtered component of primary power reference command to the derating commands. The
scheduling of the power commands were dependent on the estimate of power that the turbine
could theoretically capture when the turbine is operating at the maximum power coefficient.
As the algorithm is majorly based on accurate scheduling of the gain value, the accuracy of
the turbine model used gains importance. Providing a primary frequency response with a
droop curve slope also resulted in the increase of damage equivalent loads. The estimator
used for obtaining the wind speed estimate also had issues with potential instabilities and
bandwidth limitations.

Jeong et al. [28] developed and compared 5 different APC algorithms. The algorithms that
used generator torque dominantly for control seem to have faster response and they are
used for storing more kinetic energy in the rotor. The torque based algorithm provided
faster performance but performed better only in the above rated region. The performance
was undesirable in region II because of excessive increase in rotor speed. The algorithms
that used blade pitching dominantly showed less loading. The algorithms were tested by
simulations in FAST [30]. A field test was also performed on a 550 KW wind turbine with the
algorithm that performed the best across (pitch control 2) a full range of turbine operations
in terms of power tracking error. The field test results were significantly different from the
simulation. Hence, the authors concluded that a method which integrates the pitch control
2 algorithm along with the torque based APC might be the ideal strategy to achieve power
tracking performance over all wind speeds.

Kim et al. [34] developed 2 control algorithms (KNU1 and KNU2) for demanded power
tracking for a single wind turbine. The first algorithm uses the generator torque with fixed
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blade-pitch angle. The KNU2 algorithm used the generator torque and the pitch control
combination to achieve the power tracking. The two algorithms were developed in such a way
that they can be integrated with the standard torque and pitch controller. The algoirthm
was experimentally by performing a wind tunnel test. The first algorithm performed faster in
tracking the power commands than the other algorithm. The second algorithm had advantage
with respect to the loads. The paper lacked the description about the method to extract the
kinetic energy stored in the rotor which can used for providing inertial response (boosting).

Modern control algorithms with multi input multi output (MIMO) controllers were also pro-
posed to achieve power tracking [26,59]. But, such methods are not considered for this thesis.

Looking at the above references in this section, the following can be observed and inferred.

e Most of the algorithms that have been developed for power tracking control use the
combination of generator torque and pitch to achieve the control objective. The re-
searchers have tried to integrate their proposed algorithm into the traditional wind
turbine control structure itself for simplicity.

e Except from [6], the other works lacked description of methods to extract kinetic energy
stored in the rotor.

e As stated in [56], tracking a power command by derating is equal to tracking a sub
optimal C), value. The shape of the C),, curve changes with respect to changing wind
speeds and also to track the demanded power command, the prior knowledge of the
incoming wind speed, available power and TSR values corresponding to the target C,
values becomes necessary information for the development of tracking controller.

e The turbine controller algorithm developed in [6] used the estimate of available power to
develop the scheduling of derating commands. As stated in Section 1-3, the estimation
of available power posed several challenges in the design of farm controller in terms
of set point selection and distribution. So developing a single wind turbine power
reference tracking algorithm dependent on estimation of available power will create
further challenges.

Considering the inferences, the drawbacks from the relevant literature mentioned in Section
2-2 and also the objectives of this thesis, an algorithm for power reference tracking for a single
wind turbine that can be integrated into the traditional wind turbine control structure and
also which doesn’t depend upon the estimation of available power has been proposed in the
next section.

2-3 Development of single wind turbine power reference tracking
controller

The main goal of this controller is to enable the wind turbine to track the power commands.
The turbine can be commanded to generate a particular percentage of the demanded power or
can be commanded to operate in the greedy mode to generate the maximum possible power
that is currently available. The maximum power that can be demanded from the turbine is
upper bounded by the rated power of the wind turbine.
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Figure 2-4: lllustration of C, — A curve for a given wind speed and pitch angle. Left side and
right side of the C, curve are indicated with different shades. C7 is the optimal power coefficient.
The two TSR values corresponding to the target sub-optimal C), are indicated as A; and Ay on
the left and right hand side of C), curve respectively.

2-3-1 Considerations for the controller development

The objective of tracking a sub-optimal C), can be achieved by operating the turbine in two
different TSR values , thereby two different rotor speeds. Referring to the illustration shown
in Figure 2-4, for a given wind speed and pitch angle, the turbine can either be operated on
a TSR value that is lower than the optimal TSR (A,) (on the left hand side of the C), curve)
or on a TSR value that is higher than A, (on the right side of the C) curve).

To operate the turbine on the left side of the C), curve, a torque value that is higher than the
torque required to make the turbine to operate at the optimal TSR (7) is required. But, to
operate on the right side of the C), curve less torque is needed than 7,. Higher torque leads
to slowing down of the rotor speed and vice versa. Hence operating on the left side of the
C) curve leads to further slowing down of the turbine rotor speed. This is an undesirable
behaviour and it leads to stability issues [31,35,40].

Hence, tracking a sub-optimal C), can be achieved by making the turbine operate at a higher
TSR (higher rotor speed). Such a method has been presented in [6,31,37,56]. The advantage
of operating the turbine at higher rotor speed is that more kinetic energy can be stored in
the rotor and that kinetic energy can be extracted to provide inertial response or boosting
whenever required.

Operating at higher rotor speed can also have some disadvantages. According to van der
Hoek et al [56], the turbines experience maximum thrust force when operated at rated rotor
speed and the thrust force decreases when the pitch controller is activated. For an entire
wind speed range, the thrust force can be computed as , T = %pCTAVZ. Here, v refers to the
wind speed and Cr refers to the thrust coefficient of the wind turbine. Figure 2-5 shows the
contour plot of the thrust coefficient of the wind turbine for a given wind speed. As operating
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Figure 2-5: Contour plot of the thrust coefficient Cp

the turbine at lower TSR reduces the thrust coefficient (C7), reducing the maximum rotor
speed would result in larger decrease in thrust force. This also prevents the formation of
deeper wakes [4,24].

For the purpose of reducing the maximum rotor speed, TSR limits are defined. Corresponding
to the defined TSR limits, the rated rotor speed limit zone is calculated for for a given wind
speed. This zone is termed as the up-spin zone. The collective blade pitch angle is adjusted in
such a way that the turbine rotor speeds up and operates within the defined TSR limits. This
pitch angle adjustment is also necessary to prevent the wind turbine rotor from over-speeding
and also prevent the operation of turbine in the stall region.

Figure 2-6 shows the block diagram of the proposed controller for demanded power tracking.
The controller has three main blocks namely the wind speed estimator, torque controller, the
collective blade pitch controller. The controller has two different operating modes namely
the perfect tracking mode and greedy/boosting mode. Each of the three blocks and the two
operation modes will be described below.
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Figure 2-6: Demanded power reference tracking controller

2-3-2 Wind speed estimator

With the objective to track a sub-optimal C), the prior knowledge of wind speed will enable
the wind turbine controller to determine the current operating point on the C), curve and
thereby apply required control action to reach the targeted sub-optimal C,. Hence, we use a
wind speed estimator for this purpose.

Several wind speed estimation strategies have been proposed by the wind speed community.
Soltani et al. [50] compared different wind speed methods namely power balance estimator,
Extended Kalman Filter (EKF) based estimator, Kalman Filter (KF) based estimator, Dis-
turbance Accommodating Control (DAC), Unknown Input Observer (UIO) and Immersion
and Invaraiance (I&I) estimator. The author compared simulation and field test results to
conclude that the 1&I estimator performed better in all turbulence intensities and it is sim-
pler for implementation as it does not require linearization of C), table for the estimator to
be designed.

Hence in this thesis, the I&I estimator concept will be used to design the required wind
speed estimator.

The design of the I&I estimator is based on the work done by Ortega et al. [42]. The design
is based on the assumption that the measurement of rotor speed and electrical torque are
available. In that paper, the dependence of pitch angle 5 was excluded in the design steps
and stability proofs of the estimator because the estimator’s intended region of operation was
only in Region II.
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1&1 estimator

The controller that is intended to be developed for power tracking in this thesis, requires the
estimator to operate on the full wind speed range. Hence, the design of the 1&I estimator
needs to be done considering the dependence of pitch angle.

Although, the dependence of pitch angle is omitted in the work done by Ortega et al., it has
been mentioned in the paper that including the pitch signal into the estimator design will not
affect the estimator derivations.

Deriving the estimator design steps and proving stability of the estimator when pitch angle
is included into the design is not considered in the scope of this thesis work. However, the
empirical results through simulations demonstrated that the estimator performance is stable
for the entire wind speed range.

The implemented I&1I estimator equations to determine the wind speed estimate is given by,

Y- [pA(z?I—F'ywr)?’Cp (( TWy )’ﬁﬂ

2w, o1+ yw,

(2-2)

ﬁ:ﬁl—f—'ywr

Here, © is the estimate of the wind speed v

wy is the rotor speed

~v > 0 is an adaptation gain (tuning parameter) which can be tuned to achieve the desire
convergence speed of estimation and noise filtering.

The estimate asymptotically converges and becomes,

fim o(0) = v

2-3-3 Collective blade pitch controller

The collective blade pitch controller used in this work, differs from the standard gain scheduled
PI controller as described in [29] [6]. This controller ensures to pitch the blades in such a way
that over-speeding of rotor is prevented and also ensures that the rotor speed doesn’t exceed
the rated rotor speed limits. The blade pitch angle is lower bounded by the fine pitch angle
B« (0°).

The blade pitch controller here is a simple function that considers the measured generator
speed, rated rotor speed limits, TSR rated limits, Pitch limits and the corresponding inter-
polated C), values to evaluate the pitch angle 8 required to maintain the rotor speed at the

within the rated rotor speed limits and thereby enable the tracking of targeted sub-optimal
Cp.

To achieve this, collective blade pitch controller compares the measured rotor speed with the
lower limit and the upper limit of the rated rotor speed limits. If the measured rotor speed is
less than the lower limit of the rated rotor speed limit values, then the controller commands
the fine pitch angle S, (0°). Else, if the measured rotor speed is greater than or equal to the
upper limit of the rated rotor speed limit values, then controller commands out a pitch angle
in the following manner.
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Firstly, the targeted sub-optimal C), value is determined based on power set point and the
available power for the instantaneous wind speed. Corresponding to the targeted C, value,
the collective blade pitch angle that enables the turbine to operate on the right side of the
C) curve and also maintain the rotor speed within rated rotor speed limits gets determined.

2-3-4 Torque controller

The torque controller has two sub blocks.

e One of the sub-blocks operates on the greedy control law where the objective is to
generate maximum possible power at that wind speed. The controller commands out
a generator torque 7, as per equation 2-1 by regulating the generator speed w, and
operating the turbine at the optimal power coefficient Cp, (s, fs).

e The other sub-block operates based on the perfect tracking law. As, power is equal to
torque multiplied by rotor speed, the tracking law is given by,

P, dem

Wy

Ttrack = (2—3)
This means that for a given power demand signal, the controller commands out the
torque Tyrqck, Dy adjusting the generator/rotor speed to the desired value such that
power generated from the turbine perfectly tracks the reference power command.

2-3-5 Operational modes

The mode switch operation here differs from the traditional wind turbine controller. The
mode switch here, uses the measurements from the turbine and the estimated wind speed to
enable or disable, the tracking law and collective blade pitch control at the same time. In
other words, the tracking law and the collective blade pitch control system acts together to
achieve demanded power tracking.

Perfect tracking mode: In perfect tracking mode, the controller enables the tracking law
and the collective blade pitch controller together. The controller commands the torque 74 qck
(as given in equation 2-3) and the collective pitch angle such that the rotor speeds up and
the turbine operates within the defined TSR limits. Thereby, with the combination of the
torque command and collective blade pitch angle adjustment, the tracking of the targeted
sub-optimal C), is achieved.

Greedy/boosting mode: In this mode of operation, The collective pitch angle is maintained
at the fine pitch angle 8, and the the controller commands the generator torque 7, which is
equal to the minimum of 7y, (equation 2-3) and 7, (equation 2-1).

Te = MAN(Tirack Tg) (2-4)
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Figure 2-7: lllustration of C, — A curve for a given wind speed and pitch angle at 3,. Points
A, B and C represents different operating points of the turbine. The up-spin zone is marked with
respect to the TSR limits Ajpwer and Aypper-

To understand equation 2-4 better, let us take a look at the illustration of (C), — A ) curve
at (s shown in Figure 2-7. When the turbine is operating on the right side of ), curve, the
rotor speed of the turbine is higher when compared to the optimum rotor speed w, at Cj.
The rotor speed is further lower when the turbine is operating on the left side of the C), curve.

The torque required to make the turbine operate at point A is less than that of the torque
required to make the turbine operate at point B which is at the Cj. This implies that
if the turbine’s operating point has to be shifted from point A to point B, the demanded
torque needs to be increased and this makes the rotor to down spin (slow down) to reach the
rotor speed w,. Hence reaching point C (left side of C}, curve) from point B means that the
demanded torque further increases leading to further slowing down of the rotor. As discussed
in Section 2-3-1, this is an undesirable behaviour and it leads to stability issues.

Hence, when the blades are pitched at fine pitch angle and whenever the controller commands
the torque 7. = Tyqck, the rotor slows down (TSR decreases) and the kinetic energy stored in
the rotor is extracted to enable perfect tracking of the demanded power until the TSR value
reaches A, (rotor speed reaches w,). This way of extracting the kinetic energy from the rotor
to allow perfect tracking to happen is termed as the boosting mode.

When the commanded generator torque 7. = 74, it is called as the greedy mode of operation.
In this mode, the controller ensures that the commanded generator torque is never greater
than 7,. By this way, slowing down of the rotor further is avoided, when measured rotor
speed is already on the left side of the C}, curve. Thus, in greedy mode the turbine operates
at Cp and generates maximum possible power at that wind speed.

In simple words, the generator torque required to make the turbine operate in boosting mode
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is less than that of the torque required to make the operate the turbine in greedy mode. This
explains the presence of min operator in equation 2-4.

2-3-6 Controller working method

Based on the power command received P, and the current estimate of the wind speed, the
controller calculates the target C), value for doing the perfect tracking.

The controller checks if the current rotor speed is on the right side of the C), curve (current
rotor speed is greater than the optimal rotor speed w,) and if it is greater than or equal to
the upper limit of the rated rotor speed limit zone. If so, the turbine goes into the perfect
tracking operational mode where the combination of torque command 7y, and collective
blade pitch angle adjustment ensures that the rotor speed is maintained within the speed
limit zone and eventually the targeted C), value is tracked.

If the current rotor speed falls below the lower limit of the rated rotor speed limits, the
mode switch disables the perfect tracking operational mode and enables the greedy /boosting
operational mode. The controller commands to reduce the pitch angle to fine pitch (5.)
and then applies the generator torque 744 such that the perfect tracking is still achieved
by extracting the kinetic energy stored in the rotor until the rotor spins down to reach the
optimal rotor speed ws. The controller then commands the generator torque 7, such that the
rotor speed is regulated at w, and the turbine is operated at Cj.

2-4 Simulation and analysis

To evaluate the performance of the proposed single wind turbine power reference tracking
controller, a 2 turbine case study is performed. The wind turbines are placed one behind the
other such that the second turbine is under the influence of wake created by the first turbine.
Each of the turbine is demanded to track a particular percentage of the total power reference
signal and the tracking performance of each of the turbine is discussed.

2-4-1 Simulation set up

To evaluate the proposed controller for power tracking, we use the high fidelity model - Simu-
lator fOr Wind Farm Applications (SOWFA) that was developed by the National Renewable
Energy Laboratory (NREL). For further explanation of this simulation tool, refer section 4-1
in chapter 4.

NREL 5 MW reference turbine is considered for the simulations in SOWFA. Two turbines
(WT1 and WT2) are considered for the study and are placed at a distance of 5D where D
represents the rotor diameter as shown in Figure 2-8(a). Simulations are performed with
wind speed of 8 m/s. To make the wind conditions more realistic, turbulence intensity of
5% is added to the wind speed. The direction of wind flow is from west to east and hence
the wind direction is considered to be at 0°. The wind turbine WT1 becomes the upstream
turbine and WT2 becomes the downstream turbine. The turbine parameters and SOWFA
parameters used for the simulation are tabulated in table 2-1.
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Table 2-1: Turbine parameters for WT1 and WT2 used for simulation purpose

Parameters Values
Domain size 2km x 1 km x 0.65 km
Cell size 10m x 10 m x 10 m
Time step 0.5s
Rotor model Rotating/generalized actuator disk model (ADM)
Turbine Model NREL 5 MW
Rotor radius 63.2 m
Turbine spacing 5D
Ambient wind speed 8.0 m/s
Surface roughness 0.0002 m
Atmospheric stability Neutral
Ambient turbulent intensity | 5%
Fluid density (kg/m?) 1.225
TSR limits [Agwer Aupper] [12.0 13.0]
4 <10° : : :
— — — -lotal demanded power
g ° Sy |
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Figure 2-8: (a) Left: Layout of the two NREL 5 MW turbines placed at a distance of 5D. The
turbines are considered to be oriented to the free-stream wind speed direction. (b) Right: Total
power demand signal

Figure 2-8(b) shows the total power reference signal that needs to be tracked for a simulation
time of 2500 seconds. The demand signal has been created with increasing and decreasing
signals at different rates. Slight variations are also included over the entire power signal to
make it more realistic. This total power reference signal is distributed among the turbines
WT1 and WT?2 such that, the WT1 turbine is demanded to generate 30% of the total demand
and the down

2-4-2 Analysis

Figure 2-9 shows the dynamic simulation results for WT1 and Figure 2-10 shows the dynamic
simulation results for WT2. For each of the turbines, there are 5 plots shown and it will be
referred from (a) to (e) in top to bottom order for the discussion below.

e (a): The generated power from the turbine is plotted along with the turbine’s power
reference signal. The maximum power available is also plotted alongside. The maximum
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power that the turbine can generate for a estimated wind speed is calculated as P, =
SPAC, (A, BV,

e (b): In this plot, the measured rotor speed of the turbine is shown. Minimum rotor
speed required for stability represents the rotor speed corresponding to the optimal
TSR value (\4) is calculated for the estimated wind speed. The rated rotor speed limits
corresponding to the defined TSR limits (up-spin zone) are also plotted here.

e (c): This plot shows how the turbine’s blades are pitched over the course of the simu-
lation.

(d): The generator torque commanded by the controller is shown in this plot.

(e): Estimated wind speed obtained from the wind speed estimator is shown here.

Dynamic simulation results for WT1

With reference to Figure 2-9, WT1 is demanded to generate 30% of the total power reference
signal. Omnce the power demand signal is received, the corresponding target C, value to
be tracked is determined. The power tracking law and the collective blade pitch controller
operates together to increase the rotor speed and maintain it within the up-spin zone. This
can be seen by increase in rotor speed and pitch angle in the initial few seconds from the
start of simulation. The blade pitch controller remained active and hence the turbine’s rotor
speed was completely maintained within the up-spin zone throughout the simulation. The
controller commands the torque based on the perfect tracking law. With sufficient wind speed
available throughout the simulation, the WT1 was able to track the demanded power signal
perfectly.

Dynamic simulation results for WT2

Figure 2-10 shows the dynamic simulation results for WT2. The wind turbine WT2 is the
downstream turbine. The presence of WT1 before WT2 causes the formation of wakes.
The presence of wakes makes the downstream turbine experience less wind speed and more
turbulence. This is evident from the wind speed estimate plot where the estimated wind
speed drops less than 7 m/s around 650 seconds in the simulation. The WT2 is demanded to
track the 70% of the total power reference signal.

Once, the demand power signal is received for tracking, the turbine starts operating in the
perfect tracking mode. As the power demand keeps rising and when the demand power is
about to exceed the maximum power available corresponding to the estimated wind speed
around 490 seconds, the measured rotor speed falls below the lower limit of the up-spin zone.
The collective blade pitch angle drops to fine pitch angle leading to the increase in rotor
speed. Additional generator torque based on the tracking law is applied. This leads to the
decrease in the rotor speed. Meanwhile, the stored kinetic energy from the rotor is extracted
to achieve perfect tracking. Once the rotor speed reaches the value equal to the minimum
rotor speed required for stability, the turbine operates in the greedy mode and the controller
commands a generator torque as per the greedy control law to regulate the rotor speed and
operate the turbine at Cj. This phenomenon can be seen from 480 seconds to 700 seconds
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Figure 2-9: Simulation results for demanded power tracking (30% of total power demand) of

the upstream turbine WT1 for 8 m/s wind speed with 5% turbulence intensity
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Figure 2-10: Simulation results for demanded power tracking (70% of total power demand) of
the downstream turbine WT2 in the presence of wakes
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Figure 2-11: Comparison of the thrust force experienced by WT1 and WT2.

of simulation time where the turbine operates at Cj; and generates power equal to maximum
available power.

Once the demand becomes less than the available power, the controller again switches back to
using the tracking law and collective blade pitch controller combination to track the power de-
mand signal. The controller behaves the same, when the scenario of demand power exceeding
available power happens between 1400 and 1900 seconds.

Thrust force comparison

The pitch angle variation in WT2 is more when compared to WT1. In WT1, the turbine
completely operates in the perfect tracking mode throughout the simulation and hence blades
of the turbine are always pitched between 5 and 7 degrees. But the turbine WT2 which is
under the influence of wake turbulence, switches its mode of operation from perfect tracking
to greedy/boosting mode. The pitch angle varies a lot throughout the simulation and the
pitch angle falls frequently to the fine pitch value. The controller commands lower pitch angle
compared to WT1 until 2000 seconds of simulation. As explained in [56], the thrust force
experienced by the turbine reduces as the blades of the turbine are pitched more. This is
evident from the comparison of the thrust forces experienced by WT1 and WT2 as shown in
Figure 2-11.

Total power reference signal tracking

The ultimate aim is to track the total power reference signal shown in Figure 2-8(b). The
summation of power generated from WT1 and WT2 is the total power generated and that
is plotted and compared with the total demand power signal in Figure 2-12. The turbines
together seems to track the demand curve very well apart from the regions where the demand
exceeded the maximum available power as seen in the WT2 simulation plots.
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Figure 2-12: Total power reference tracking for WT1 and WT2.

With the objective to make the power produced from the entire wind farm track the overall
power reference, it will be interesting to see how these individual turbine with power tracking

feature perform in a wind farm in the presence of wake interactions. That will be discussed
in the next chapter.
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Chapter 3

Wind farm controller development

In Chapter 2, we saw about the development of a single wind turbine derating controller that
enables the turbine to track a power reference signal. In this chapter, we will see about the
development of the wind farm controller that coordinates all the turbines in the given wind
farm and makes the total power generated out of the wind farm follow the overall power
reference signal given to the wind farm. Section 3.1 discusses about the need for a closed loop
wind farm controller with the help of a case study. The set point selection and distribution
strategy will be discussed in Section 3.2. The development of closed loop feedback controller
is discussed in the final section of this chapter.

3-1 Need for closed loop wind farm controller

In the previous chapter, a controller based on a tracking law for a single wind turbine was
proposed and evaluated. The tracking controller makes the turbine to operate on tracking
mode or greedy mode. In tracking mode, the controller makes the turbine generate power and
perfectly track the reference power signal provided to the turbine. Whenever the demanded
power exceeds the maximum available power (turbine operates at c, ), the controller makes
the turbine operate in the greedy mode after extracting all the power from the stored rotor
inertia. The performance of the proposed tracking controller was evaluated for a 2 turbine case
where the upstream turbine was derated more than the downstream turbine. The upstream
turbine tracked its reference signal perfectly, whereas, the downstream turbine which was
under the influence of the wakes produced by the upstream turbine had to face low wind
speeds for a brief moment. And in those moments of drop in wind speed, for an increasing
power demand signal, the downstream turbine operated in greedy mode and produced the
maximum power possible for that particular wind speed.

The next step is to evaluate the performance of the proposed controller for a large number of
such wind turbines enabled with the power tracking capability. Consider a wind farm having
9 wind turbines arranged in the form of a 3x3 grid as shown in Figure 4-1 (refer chapter
4 for further explanation about the wind farm layout and simulation set up). Whenever
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there is an overall power reference command received from the TSO, a controller should
distribute the overall reference signal as set points to all these 9 turbines. An open loop wind
farm controller that only allocates and distribute the set points to individual turbines in an
unwaked condition is employed. Let us consider that the simulations are made based on the
scenario (refer scenario baseline explanation in chapter 4) where the each of the 3 rows of the
wind farm is derated and commanded to produce 33.33% of the total reference signal.

Figure 3-1 shows the power generated from individual turbines of the farm where all the
turbines are coordinated by an open loop wind farm controller that distributes set points to
individual turbines based on the overall power reference signal. As seen from the figure, the
wind farm controller has distributed the overall reference equally to all 9 turbines in the farm.
The upstream turbines (turbine 1 , turbine 2 and turbine 3) are able to track their respective
reference signal perfectly (as evidently seen from the exact overlap of the demand signal and
the power generated). However, the downstream turbines, especially turbine 7, 8 and 9, which
experienced the maximum turbulence due to the wakes and less wind speed went into greedy
mode and generated the maximum possible power available at those moments.

When the power generated from all these 9 turbines are summed up and compared with the
overall reference signal (as shown in Figure 3-2), we see that the wind farm could not track the
reference properly after 500 seconds from the start of simulation. This is the moment where
the downstream turbines went into greedy mode operation due to the influence of wake. The
overall tracking error percentage also seem to be very high (> 20%). Also it can be observed
from Figure 3-1 that even though the upstream turbines managed to perfectly track their
respective reference signal, by being the upstream turbines, there is sufficient wind speed to
generate even more power (as shown by the green line which indicates the maximum power
available). This shows that the upstream turbine can be demanded to generate more power
to compensate for the downstream turbine which are under the influence of wakes. Hence the
wind farm controller should be developed in such a way that the set points to the individual
turbines have to be redistributed considering the state of each turbine in the wind farm.

The same phenomenon has also been observed by Fleming et al. [21]. He observed that for the
"high waking" case when an open loop wind farm controller performed poorly and the total
power from the wind farm failed to track the reference. It has been concluded that a feedback
controller is needed to solve this issue of set point distribution such that the set points can
be appropriately adjusted to address the under performance that may be occurring at some
turbines.

3-2 Set point selection and distribution

As stated in the previous section, if the total power output from a wind farm should follow
a demanded reference trajectory, a wind farm controller needs to be there to coordinate the
set points distributed to the individual turbines such that the power produced from each of
the turbine sums up to desired amount. The coordination is made complicated when the
turbines interact through wake losses. The turbines go into the greedy mode whenever there
is increasing power demand and also the turbine is experiencing low wind speeds due to the
wake.

Given the wind speed and direction, the wind farm controller’s task is to distribute the set
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Figure 3-2: Top: Total power generated from the wind farm for the open loop wind farm control
case compared with the overall power reference signal.
Bottom: Tracking error of the wind farm for the open loop wind farm control case.
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Figure 3-3: Schematic representation of APC for a wind farm where the individual turbines have
their own controller to enable tracking of power reference signals. Based on the TSO command
received and having the total power generated from the farm as the feedback, the wind farm
controller re-distributes the set points to the individual turbines in the farm as set points based
on whether the turbines in the farm are operating in tracking mode or greedy mode.

points over the Ny turbines as individual power demand set points, expressed as P%*™ ¢ RNT,
Each turbine has its own power tracking controller that enables the turbine to track the
respective power demand. The schematic of such a control system is shown in figure 3-
3. Based on the availability of wind turbines and on the basis of wake interactions, the
true optimal solution for set point distribution is a heterogeneous one. Based on different
distribution of set points, the loads experienced by the turbines in the farm can also become
significantly different. This again complicates the set point distribution.

3-3 Feedback control

As described in [21,58], feedback control can be used to tackle the wind lulls that occur due
to local turbulence. Hence, to improve the tracking performance of the wind farm, a simple
feedback controller is proposed.

The notations and formulation of the concept are same as the one used in [58].

The wind farm has Ny number of turbines and all these turbines work together. The proposed
control architecture is shown in Figure 3-4. The control signal that may increase the set points
of the individual turbines is represented as AF7¢f € RN,

The overall power generated out of the wind farm is representaed as P € R. This overall
power is the summation of the individual power generated from each turbine. Hence, P! =

i B
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Figure 3-4: Schematic representation of the closed loop feedback wind farm control system
(Adapted from [58])

Since the overall power reference is distributed as individual power reference to the turbines
in the farm, this can be represented as, Preftot — YNt pref,

The overall power P € R is defined as, and the overall power reference PT¢/*t ¢ R is
defined represents the overal .

The total tracking error eft = prefitot _ ptot ¢ R — ZZJ\L n ( piref — PZ-), The overall tracking

error is caused because of one or more turbines in the wind farm failing to follow ther respective
power reference.

K(s) is the proposed controller. Whenever there is an overall tracking error only, this controller
is active. The controller will distribute the overall tracking error among all the turbines.

3-3-1 PI controller

Before we get into the explanation of the closed loop controller development, on looking at
Figure 3-5, we can observe that the total power signal tracks the overall reference signal with
a delay of 0.5 s which is the sample time considered for the simulation. This means that the
output tracks the input with a 0.5 s delay. On the assumption that when a turbine i in the
farm is able to track the reference signal by a delay h, then the input output relation which
is given by,

Py(t) = PEm(t — h) (3-1)

Proprtional Integral (PI) controllers are the most common controllers developed for controlling
a time delay system. The time delay model is approximated to frequency domain using Pade’s
approximation method and then the PI controller is developed over that model. The approach
to develop such a stable controller for the considered time delay system can be referred
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Figure 3-5: A zoomed up image of figure 3-2 total power generated from the wind farm for the
open loop wind farm control case compared with the overall power reference signal

from [20,45,51] and the procedure/method to synthesize such a closed loop controller for a
wind farm can be referred from [58].

Due to time constraints, the modelling of the time delay system and the synthesis of the PI
controller is not done in this thesis and it is recommended for future works. The decision on
controller gains for the PI controller has been made based on different simulation cases done
for the controller gain values and that will be discussed in the next chapter.
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Chapter 4

Simulations, results and discussions

In Chapter 3, we saw about the development of a closed wind farm controller that coordinates
all the turbines in the wind farm and makes the total power generated out the wind farm
follows the power demand reference signal. In this chapter, we evaluate that closed loop wind
farm controller with respect to different simulation scenarios in a high fidelity simulation
environment. The chapter is organized as follows. In Section 4.1, we see about the set up of
the simulation environment, wind farm layout and then the scenario descriptions. Following
that, in Section 4.2 the performance measures considered to evaluate the performance of the
controller under different scenarios. The results of the simulations and the discussions related
to the obtained simulation results are discussed in Section 4.3.

4-1 Simulation environment

The proposed closed loop wind farm controller for power tracking has been evaluated for a
wind farm with 9 turbines using a high fidelity model. The model used is the Simulator
fOr Wind Farm Applications (SOWFA) tool developed by the National Renewable Energy
Laboratory (NREL). SOWFA is a open open source software package that is coupled with a
framework which enables the users of SOWFA to investigate the effects of turbulence, weather
patterns and terrains on the wind turbines and wind farms. It solves the 3D Navier stokes
equation based on large eddy simulation methods. SOWFA has a super controller that allows
the users to simulate coordinated multiturbine control of wind plants. Thereby, it allows the
researchers to understand the performance of a wind farm better and enable them to improve
on the performance and minimize the structural loads on turbine components. This high
fidelity SOWFA model has high accuracy and hence the compromise is on the computational
costs [2,15].

4-1-1 Wind farm layout

The wind farm considered for the simulation consists of 9 NREL 5 MW reference turbines
arranged in the form of 3x3 grid layout . The rotor radius of the turbine is 63.2 m (diameter
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Figure 4-1: Layout of the simulated 3x3 wind farm. Background is an instantaneous horizontal
slice of flow output taken from a SOWFA simulation. The wake formation and the corresponding
wind velocity can be seen from the vertical bar on the right side of the figure. Turbine rows,
spacing between the turbines and individual turbine reference names are also indicated

D = 126.4 m). The domain size is 3 km x 3 km x 1 km to allow for sufficient distance
surrounding the turbines so that boundary effects negligible at the turbines. The turbines in
the x-direction are spaced by 632 m (5D) and by 189.6 m (3D) in the y-directionas shown
in figure 4-1. Table 4-1 specifies the SOWFA and turbine parameter values considered for
setting up the simulation.

4-1-2 Scenarios for the simulation

If the wind farm is derated there are several ways to derate the individual turbines. In this
section we will show 3 different derating scenarios.

van Wingerden et al. [58] and Fleming et al. [21], considered different set points the "high-
waking" case. In those works, the overall power reference signal were distributed as set points
over the different rows where the local reference signals are expressed in terms of the available
power in the unwaked situation. Similarly, in this work, the overall reference signal will be
distributed as set points to the different rows as indicated in figure 4-1. The individual
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Table 4-1: 9 turbine wind farm simulation parameters

Parameters Values

Domain size 3km x 3 km x 1 km
Cell size 10m x 10 m x 10 m
Time step 0.5s

Rotor model Rotating/generalized actuator disk model (ADM)
Turbine Model NREL 5 MW

Rotor radius 63.2 m

Turbine spacing 5D x 3D

Ambient wind speed 8.0 m/s

Surface roughness 0.0002 m
Atmospheric stability Neutral

Ambient turbulent intensity | 5%

turbines in the farm has its own local feedback control (as explained in Chapter 2) that
enables the turbine to track their respective reference signals. In this way, each of the turbine
in a particular row of the wind farm, will have its own local reference signal expressed as some
particular percentage of the overall reference signal in an unwaked condition. The turbines
will be derated to that level and commanded to track that local reference signal.

Overall reference signal

The overall reference signal considered for all simulation scenarios is shown in Figure 4-2. This
is the total power demand signal that needs to be tracked by the wind farm for a simulation
time of 2500 seconds. The demand signal has been created with increasing and decreasing
signals at different rates. Slight variations are also included over the entire power signal to
make it more realistic.

Wind speed and direction

Simulations are performed with wind speed of 8 m/s. To make the wind conditions more
realistic, turbulence intensity of 5% is added to the wind speed. The direction of wind flow is
from west to east and hence the wind direction is considered to be at 0°. Hence the turbines
of Row 1 in the wind farm layout, becomes the upstream turbines and the turbines in Row 2
and Row 3 are the downstream turbines which will be under the influence of wakes created
by the turbines of Row 1 and Row 2 respectively.

Set point distribution scenarios

Given the wind speed and wind direction, as mentioned in the first paragraph of this section,
the overall reference signal will be distributed as set points to the turbines corresponding to
each of the row. Four different scenarios are considered for the simulations in this thesis.
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Figure 4-2: Reference power signal used for all the simulation scenarios

Scenario 1 (33-33-33):

All the wind turbines in the farm have the same power command
obtained by dividing the total reference into the number of turbines constituting the wind
farm. In this way, each of the rows of the wind farm is derated to 33.33% of the overall power
reference. Hence each individual turbine of Row 1, Row 2 and Row 3 will be derated and
commanded to generated % x 33.33% of the total power demanded.

Scenario 2 (16-33-49): The first row is derated to 16.83% of the overall power reference
signal, the second row to 33.33% and the last row to 49.83%. In this way, the upstream

turbines of Row 1 are more derated than the downstream turbine rows.

Scenario 3 (49-33-16): The first row is derated to 49.83% of the overall power reference

signal, the second row to 33.33% and the last row to 16.83%. In this way, the downstream
turbines of Row 3 are more derated than the upstream turbine rows.

Scenario baseline: In this scenario, the way in which the turbines in the wind farm are

derated is similar to the one described in Scenario 1 (33-33-33). But in this Scenario baseline,
the wind farm controller does not take the total power generated from the wind farm in
its feedback. This means that in Scenario baseline, there is no feedback controller whereas
the other scenarios mentioned above, the wind farm controller has the feedback loop. This

scenario will be considered as the baseline and the other 3 scenarios will be compared with
respect to this scenario.
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4-1-3 Assessment criteria for controller performance

Since all the simulation results were derived from the same time domain, it is not suitable
for directly comparing changes in power output with respect to different scenarios of distri-
bution. To assess the performance of the 3 representative values are calculated for each of
the simulation scenario and compared.

e To assess the tracking capabilities of the feedback controller, the Root Mean Square
(RMS) of the tracking error is considered. The tracking error is given by the
difference between overall power reference signal and teh sum of power generated from
individual turbines.

e Another representative value err, is also calculated to evaluate the power output gen-
erated from the wind farm. It is calculated as follows,

T Z P - r(if ( )
= dt
erry = T / 'r'ef )

where NN is the number of wind turbines in the wind farm, T is the total simulation
time, P;(t) is the power generated by an individual turbine and P, (t) is the overall

power reference signal.

e The load experienced by the tower of the individual turbine is also calculated to assess
the controller performance. To compare the tower load, the damage equivalence load
(DEL) was used. The DEL for the tower load is calculated using the Palgrem Miner’s
rule [16] as

kzl nkSLn
DEL = | =2
Nref

Here m is a constant that is material dependent. It is related to the slope of the SN
(stress to cycles to failure) curve for that particular material. For a steel tower, a value
of 3.5 was used as the m value [33]. N,y is a reference number that is equivalent to the
equivalent number of cycles of DEL taken to become 1. It is commonly calculated from
the simulation time. S} is the stress experienced by the tower load. k represents the
magnitude of the total tower load during a specified evaluation time. ny is the number
of occurrences (cycles) of Si. Rainflow counting method is used to calculate the load
cycles [8].

4-2 Results and discussion

In this section, before we see about the simulation results obtained for different scenarios
on set point distribution, we will first see how the controller gain Ki of the PI controller is
affecting the performance of the controller in achieving power tracking.
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Table 4-2: RMS value of the tracking error comparison for different Ki values

| Ki | RMS |
| O [ 516670 |
| % | 488920 |
| G2 [ 478830 |
| %2 | 487450 |
| L2 [ 487830 |
| 22 | 485810 |

Table 4-3: Mean DEL for tower load comparison for different Ki values

‘ mean DEL ‘
| 6.7824 x 107 |
| 6.6338 x 107 |
| |
| |

6.6145 x 107
6.6309 x 107

i
7
%
%
%

4-2-1 Effect of Pl controller gain on the controller tracking response

We now have a PI based closed loop feedback wind farm controller. As mentioned previously
in section 3-3-1, the synthesis of the controller has not been done in this thesis due to time
constraints. To determine the gains of the PI controller, the overall tracking performance of
the wind farm controller is evaluated for varying controller gains. The tracking performance is
assessed based on the performance measures mentioned in the previous section. The controller
gain that leads to better tracking performance was finalized to be the gain of the controller.

The simulations were set up based on the 'Scenario 1 (33-33-33)’ where all the turbines in the
farm are equally derated. Upon trial and error method it was realized that the Kp value of the
PI controller affected the tracking performance always by introducing oscillatory behaviour.
The controller performed well by having Kp as 0. Hence, for the rest of simulations the Kp
value of the PI controller will be set to 0 and only the Ki value will be varied and the tracking
performance will be evaluated for different cases. The simulations were made for the following
increasing Ki values, Ki = [%1 83 0508 10 2.0 Beyond that, the tracking performance

9°9°9°9°9° 9
was very unstable.

With reference to the Table 4-2, as the gains increased, the RMS value of the tracking error
was found to decrease first and then increased again after %. This shows that having Ki
value as %2 produced the best tracking performance and beyond the performance declines for

the other Kl values.

The mean of the DEL values for the case of the first 4 values were also calculated. The mean
DEL values for the tower load for each of the case provide an insight about the average load
experienced by the turbines in the wind farm for that particular case. Similarly from Table
4-3, we see that Ki value of 2 9 produced the least mean DEL value for tower load. Hence
the rest of the simulation values will use Ki value to be % 9

Naveen Rajasekaran Master of Science Thesis



4-2 Results and discussion 43

Hence, the integral gain 09%5, which produced the least RMS value and least mean DEL value
was chosen and fixed as the Ki value for the rest of simulation cases.

4-2-2 Scenario baseline

For discussions regarding the simulations for this scenario, refer to Section 3-1 in Chapter 3.

4-2-3 Scenario 1 (33-33-33)

The results for this scenario are shown in Figures 4-3, 4-4. In Figure 4-3, the pink line
represents the initial set point given to the turbines in the unwaked condition. The black
line represents the new set points for each of the turbine where the initial set points are
adjusetd by distributing the tracking error over all the turbines equally. The green line is the
maximum possible power available that the turbine can generate when its operating at C,
for the instantaneous wind speed.

On looking at the individual turbine responses in Figure 4-3 and comparing it with the
individual turbine responses with Scenario baseline as shown in Figure 3-1, we see that, in
the case where there is feedback, the wind farm controller has evenly distributed the tracking
error over all the turbines and increased the set points of all the turbines as well. The turbine
in the upstream (turbine 1, 2 and 3) managed to generate more power and compensate for
the unavailability of the downstream turbines.

The improvement in the overall tracking of the reference power signal can be seen clearly from
the top figure in Figure 4-4. The presence of feedback controller ensured that the tracking
performance is improved when compared to the case where there is no feedback controller.
This is further justified by the reduced overall tracking error % value as seen from bottom
figure.

4-2-4 Scenario 2 (16-33-49)

The individual turbines power tracking response with feedback control for the tracking of the
reference signal based on this scenario can be seen in Figure 4-5. As seen from the figure, the
initial set points for the downstream turbines are higher than the upstream turbines in the
unwaked condition. As the downstream turbines are under the influence of wake turbulence,
they are operating in the greedy control mode. The upstream turbine generates more power
to compensate for the downstream turbines.

4-2-5 Scenario 3 (49-33-16)

The individual turbines power tracking response with feedback control for the tracking of the
reference signal based on this scenario can be seen in Figure 4-6. Here the initial set points
for the upstream turbines are higher than the downstream turbines in the unwaked condition.
As the downstream turbines are under the influence of wake turbulence and hence operating
in the greedy control mode, the upstream turbine generates more power to compensate for
the downstream turbines.
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Figure 4-3: Individual wind turbine power where we track the power reference signal for Scenario 1 (33-33-33).
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Figure 4-4: Top: Total power wind farm power comparison-Baseline vs Scenario 1.
Bottom: Overall tracking error % of the wind farm comparison-Baseline vs Scenario 1.
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Figure 4-5: Individual wind turbine power where we track the power reference signal for Scenario 2 (16-33-49).
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Table 4-4: Comparison of 4 scenarios based on performance scores

Scenario erry RMS
Scenario Baseline 340.8980 | 1205000
Scenario 1 (33-33-33) | 63.7576 | 490130
Scenario 2 (16-33-49) | 52.5537 | 443540
Scenario 3 (49-33-16) | 81.2700 | 553540

4-3 Comparison of results for different scenarios

The total power generated from the wind farm from all the 4 scenarios of simulation are
plotted and shown in Figure 4-7 and a comparison plot is shown in Figure 4-8. The bottom
plot in Figure 4-8 shows the comparison of the maximum available power in the wind farm
for each of the simulated scenario. Visually, on observing the plots, the scenario 2 (16-33-49)
where the upstream turbines of row 1 are derated more than the downstream ones performed
better than the other three scenarios. Derating the upstream turbines more ensures that the
wakes experienced by the downstream are less and hence the downstream turbines face more
wind velocity. With higher wind speeds available, there is always scope for the turbines to
generate more power. This can be seen from the bottom plot of Figure 4-8 where higher
available power is there for scenario 2 compared to the other scenarios. The performance
scores are tabulated in Table 4-4. The scores also indicate the same that Scenario 2 has the
least RMS value of tracking error and least tracking error percentage value when compared
to the other 3 scenarios.

The loading on the structural components of the individual wind turbine is a very impor-
tant aspect considered by the wind farm operators and stake holders. SOWFA allows us to
calculate the loads experienced by the tower base of the individual turbines. The damage
equivalent loads for the tower base moments are calculated for the different scenarios and pre-
sented in figure 4-9. The DEL values are normalized with respect to the DEL value of turbine
1 in the Scenario baseline. On comparing the normalized DEL’s for different scenarios, the
loads are better distributed over the windfarm in Scenario 1 (33-33-33) where the normalized
DEL value ranges between 0.9 and 1.1 for all the 9 turbines. In scenario 2 (16-33-49), the
upstream turbines and turbine 4 experience less load when compared to the other turbines
downstream. Conversely, in scenario 3 (49-33-16), the upstream turbines experience more
loading than the downstream turbines. The turbine 9 in scenario 2 experience the least load
in that scenario. The reason for it to experience the less load can be justified by looking at
the instantaneous horizontal slice of flow output taken from SOWFA for scenario 2 as shown
in Figure 4-10 and also the thrust forces comaprison in Figure 4-11. The turbine 9 experience
the lowest wind speed compared to other turbines due to the wake effect. Since thrust force is
a funtion of square of wind speed, the reason for experiencing such low loads can be justified.
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Figure 4-7: Total power of the wind farm with feedback control simulated for all 4 set point
distribution scenarios.
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distribution scenarios.
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instantaneous flow field for scenario 1
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Figure 4-10: instantaneous horizontal slice of flow output taken from SOWFA for scenario 1
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Chapter 5

Conclusions and recommendations

The objective of this thesis is to develop a wind farm controller to provide APC for the wind
farm and then evaluate the performance of the proposed controller under different set point
distribution scenarios. With this goal in hand, the thesis was framed to answer a set of
problem statement questions as mentioned in section 1-3 of the introduction chapter. The
conclusions of this thesis will be presented here by answering to those problem statement
questions. Recommendations for future works have also been presented in the end.

5-1 Conclusions

e Can a wind farm controller be developed to provide APC for waked wind

farms, where, the set point selection and distribution happen without esti-
mating the available power at each turbine?
Yes. Considering that the estimation of available power at every time step is a chal-
lenging problem, a closed loop wind farm controller has been developed in such a way
that it eliminates the dependence on the estimation of available power. As a first step
to achieve this, a single wind turbine tracking control law was developed to enable the
turbine to track its local power set points. This turbine level control system consists of
a wind speed estimator which estimates wind speed. With the estimated wind speed
alone, the tracking law was developed such that, based on the wind speed, it can com-
mand the turbine to operate in the perfect tracking mode or on a greedy control mode.
Having eliminated the dependence of the estimation of available power even at the tur-
bine level, a closed loop wind farm controller was developed as the next step. This
closed loop wind farm controller takes the total power generated out of the wind farm
as the feedback signal and based on the availability of the turbines (greedy or tracking
mode), the controller distributes the overall tracking error + reference signal to the in-
dividual turbine. Thereby, the turbines other than those operating in the greedy mode,
compensate and generate extra power to make the total power generated out of the
wind farm to track the overall reference signal.
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e How is the tracking performance affected when the gains of the wind farm

controller are changed?

The integral gain Ki was the tuning parameter for the closed loop wind farm controller.
As the synthesis of the closed loop wind farm controller was not done in this thesis,
in order to determine the gains of the PI controller, the overall tracking performance
of the wind farm controller was evaluated for varying controller gain values, and the
controller gain that lead to better tracking performance was finalized to be the gain of
the controller. Based on this idea, the simulations were performed for different Ki values.
As the gains increased, the RMS value of the tracking error was found to decrease first
and then increased again after %. This shows that having Ki value as % produced
the best tracking performance and beyond that, the performance declines for the other
Ki values. The same pattern can also be observed in the mean DEL values and the Ki
value of % had the least value of mean DEL. Thus, Ki = 0%95 produced least RMS value
and least mean DEL value and hence was chosen and fixed as the Ki value for the rest
of simulation cases. This trial and error method of finding the right parameter value
for the controller gain might not work in all cases. Synthesis of the controller needs to

be done considering the stability conditions.

How do different set point distributions affect the tracking performance of
the controller and how does the load experienced by the turbines differ based
on different set point distribution scenarios?

Derating the upstream turbines more ensures that the wakes experienced by the down-
stream are less and hence the downstream turbines face more wind velocity. With higher
wind speeds available, there is always scope for the turbines to generate more power.
On comparing the DEL’s for different scenarios, the loads are better distributed over the
turbines of the windfarm in scenario 1 (33-33-33). The turbines in the baseline scenario
faced the highest loads among all 4 scenarios. In scenario 2 (16-33-49), the upstream
turbines and turbine 4 experience less load when compared to the other turbines down-
stream. Conversely, in scenario 2 (49-33-16), the upstream turbines experience more
loading than the downstream turbines. Different scenarios produced different loading
patters. On observing the loading patterns, the presence of feedback loop on the wind
farm controller not only improved the tracking performance but also it reduced the
loads experienced by the individual turbines.

Concluding points

e Closed loop wind farm controller is necessary to obtain better tracking performance and

reduced structural loading on the turbines of the wind farm.

e When upstream turbines are derated more than the downstream turbines, the tracking

performance improved because the downstream turbines were able to experience more
wind speed.

e Different set point distribution scenarios resulted in different loading patterns. It is upto

the wind farm operator and the stake holder to decide which type of loading pattern
would they prefer.
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5-2 Recommendations

e More scenarios for simulation: Looking at the results obtained in chapter 4, we
can see that the performance of the proposed controller was affected by different set
point distribution scenarios. But all the simulation scenarios were tested for a fixed
wind speed and direction. It will be interesting to observe how the controller performs
for varying wind speeds and also with changing directions.

e Optimization procedure for distribution of set points based on load For each
of the scenario simulated in this thesis, the initial set points to the individual turbines
was allocated row wise by the wind farm controller. Based on the availability of the
individual turbines and to compensate for the wake losses, the wind farm controller
redistributed the set points such that the available turbines can compensate for the
those turbines which are unavailable for power tracking. We also saw that different
different scenario produced different loading patterns. If the load experienced by the
individual turbines have to be reduced and maintained below a certain level, then a
separate optimization procedure needs to be developed for redistributing power set
points having loads of the turbines as constraints.

e Power reserve maximization strategy: In this thesis, the objective was just to
track the power demand requirements obtained from the TSO. Another method of
APC demands to maintain a certain amount of reserve power throughout the wind
farm as this reserve power can be used for providing primary or secondary frequency
responses. When certain amount of reserve has to maintained throught the wind farm,
the individual turbines have to be operated in such a way that a certain power is reserved
at each individual turbine in the farm. To achieve this, the set point redistribution needs
to be done with the objective of maximizing the power reserve.

e Adaptability of the control algorithm for turbines with different power gen-
eration capacity: The single wind turbine tracking control algorithm is developed for
a NREL 5MW turbine. If the algorithm has to implemented on a 10 MW wind turbine
or a 2 MW turbine, it will be interesting to see how the control algorithm needs to
be adapted to suit that turbine. Also, the C), and C7 curves derived for NREL 5MW
turbine through SOWFA simulation model differs slightly from the actual NREL 5MW
specifications. If the algorithms have to implemented and real time testing have to be
done, it will be interesting to see how much the algorithm needs to be adapted.

e Wind farm controller synthesis: The synthesis of the closed loop wind farm con-
troller based on Pade’s approximation techniques was not done in this thesis due to time
constraints. So that needs to be done to analyse the stability factors of the controller
and its tuning parameters.

e Stability proof for I&I estimator: As mentioned in Chapter 2, the stability of the
estimator needs to be proved mathematically when collective pitch angle 8 parameter
has been included into the estimator design.
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WWEA
APC
PFC
AGC
TSO
CFD
SWF
MPC
PI
HAWT
TSR
NREL
SOWFA
FAST
DEL

World Wind Energy Association

Active Power Control

Primary Frequency Control

Automatic Generation Control
Transmission System Operator
Computational Fluid Dynamics
SimWindFarm

Model Predictive Control

Proportional Integral

Horizontal Axis Wind Turbine

Tip Speed Ratio

National Renewable Energy Laboratory
Simulator fOr Wind Farm Applications
Fatigue, Aerodynamics, Structures, and Turbulence

Damage Equivalent Loads
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