This document is downloaded from DR-NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Modelling and control for structural load
mitigation of wind turbines

Girsang, Irving Paul
2016

Girsang, I. P. (2016). Modelling and control for structural load mitigation of wind turbines.
Doctoral thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/67010

https://doi.org/10.32657/10356/67010

Downloaded on 20 Mar 2024 18:13:36 SGT



MODELLING AND CONTROL FOR STRUCTURAL
LOAD MITIGATION OF WIND TURBINES

IRVING PAUL GIRSANG
SCHOOL OF MECHANICAL AND AEROSPACE ENGINEERING
2016






MODELLING AND CONTROL FOR STRUCTURAL
LOAD MITIGATION OF WIND TURBINES

IRVING PAUL GIRSANG

School of Mechanical and Aerospace Engineering

A thesis submitted to the Nanyang Technological University
in partial fulfillment of the requirement for the degree of

Doctor of Philosophy

2016






Abstract

The number of installed wind turbines have been steadily growing at an average annual rate of
17% globally for the past 5 years. In 2015 alone, 63 GW has been installed worldwide, which is
21% more capacity than that was installed in 2014. This has been possible by larger and taller
wind turbines that allow for more energy capture. Further, such large turbines are found suitable
for near-equator regions and now entering Asia, which saw 23% growth in installed capacity in
2015 from 2014. This trend marks the remarkable progress of wind energy industry and highlights
several key challenges that need to be solved by both research and industrial communities in order

to sustain and advance the growth.

To keep up with the trend of increasing turbine sizes and hence structural flexibility, it is
important to ensure mitigation of its structural loads in order to keep the cost of wind energy low
by lessening the maintenance requirements and improving the overall turbine reliability. As the

saying goes, “wind energy is renewable but wind turbines are not”.

Two of the most flexible and costly wind turbine components are the blades and the drivetrain.
Further, the downtime to replace the blades or the drivetrain components, in case of failure, ranges

from 4 to 7 days, which can amount to huge loss of production.

Compared with upgrading the mechanical system to preserve the components’ lifetime, advanced
control systems have been identified as more attractive and cheaper cost reducing strategies. Fur-
ther, wind turbines as large flexible structures operating in uncertain environments fit nicely into
the problem sphere of modern control engineering. Implementing sophisticated control strategies
can assure safe and optimal operation in terms of load mitigation and power enhancement under
a range of wind conditions. In this thesis, a number of novel controller designs are developed to
mitigate fatigue loads on wind turbines’ blades and drivetrain. The controllers are designed to at-

tenuate loads in ways that have not been paid much attention before and verified to yield superior
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load attenuation as compared with the ones have been achieved so far.

A novel individual pitch controller (IPC) has been designed based on the knowledge of mitigated
blade loads at a yaw misaligned condition. To ensure easy implementation, the proposed IPC is
still to operate in the typical turbine configuration, in which the turbine is aligned with the wind
direction. This thesis shows that the proposed IPC yield slight improvement in the power quality
and significant reduction in the fatigue blade loads as compared with that of baseline industrial-
standard collective pitch controller (CPC) and IPC at various turbulent wind conditions. Compared
with the baseline CPC, the proposed controller is shown to contribute at least a 31.54% reduction
in the blade out-of-plane fatigue load

To mitigate the drivetrain loads, a stochastic disturbance accommodating controller (SDAC) has
been designed to regulate the collective blade pitch angle to stabilize the turbine that is otherwise
unstable using the previous designs of disturbance accommodating controller (DACs) due to the
unmodelled dynamic coupling between the drivetrain and other turbine components. The proposed
SDAC is shown to improve the power quality up to 20.8%, while resulting in lower drivetrain load
up to 22.5% as compared with the industrial-standard CPC.

A new integrated wind turbine model that couples high-fidelity aerodynamic, structural, driv-
etrain and electrical models is proposed. This new integration allows for consideration of the grid
conditions, including various mitigation responses to the grid, in calculating the wind turbine loads.
Essential insights can also be gained into the drivetrain dynamics, particularly in terms of predict-
ing transient loadings and possible resonant excitations. The integrated model can save the design
costs by allowing dynamic interactions to be taken into account before assembling the hardware. In
this thesis, the case of choosing flexible drivetrain components to minimize the transmitted loads
on the gearbox are highlighted.

The high-fidelity wind turbine model has enabled the design and validation of various controllers
focusing on mitigating the internal drivetrain loads. A new controller has been designed that
avoids resonance load of wind turbine drivetrain. The controller introduces additional virtual
inertia through the generator torque to shift the eigenfrequency of the drivetrain only when it
passes through its inherent resonance. Obviating resonance directly improves the power quality
by mitigating the fluctuations in the output power. Another new controller has been designed to

mitigate the drivetrain load when the grid frequency significantly drops. The new controller is
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based on the concept of damper harmonic oscillator to alleviate the transient drivetrain vibrations

during such grid event.






To God be the glory, great things He hath done.
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Chapter 1

Introduction

1.1 Motivations

With global climate changing, people have become much more interested in renewable energy and
wind energy is one of the most cost-competitive ones. Recent research has indicated that the wind
energy industry has the ability to produce electricity in the price range of 5-8 cents (in USD) per
kWh, which is comparable with the cost of some fossil fuel electricity sources [1]. This remarkable
trend has led to wind energy playing an increasingly important role in the energy mix. Nowadays,
the wind power generation capacity all over the world is enough to cover 4% of the global electricity
demand [2].

In recent years, wind energy industry has grown substantially and so have the size and rating of
the manufactured wind turbines (WTs), as shown in Fig. 1.1. The growth of these WTs has been
driven by more captured energy from larger rotor swept area and higher wind velocity at higher
altitude as their size increases. To this date, WTs have become the largest rotating structures in
the world [4], making the entire process related to WTs (i.e., design, installation, operation and
maintenance) dealing with very large and flexible components. To further decrease the cost of
wind energy, emphasis on load mitigation has to be included in the design and integration of WT
components. Reducing the structural loads of the WT will significantly decrease the cost of wind
energy by lessening the maintenance requirements and improving the overall WT reliability.

Implementing sophisticated control strategies can assure safe and optimal operation in terms
of load mitigation and power enhancement under a range of wind conditions. Compared with
upgrading the mechanical system to preserve the WT lifetime, advanced control systems are more

attractive and cheaper cost reducing strategies [5]. Using advanced control strategies to make more
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Figure 1.1: Trend of sizes and rating of installed WTs, reproduced from [3].

reliable WTs and upgrade their performance can increase the quality of the power generation and
reduce the downtime as well as the operation and maintenance costs. Further, WTs as large flexible
structures operating in uncertain environments fits nicely into the problem sphere of advanced
control engineering.

The WT blades are the primary components that capture the available wind energy and convert
it into rotational kinetic energy. However, as the blades become longer to increase the area of energy
capture, they become more flexible and suffer from higher structural loads amidst the vertical wind
shear. The vertical wind shear is a common atmospheric phenomenon wherein the wind velocity
increases with height, as illustrated in Fig. 1.2. Therefore, each blade experiences cyclic loading
as it rotates in the rotor plane that is being exposed to this kind of wind variation. Further, in
cases where the increase in WT rotor is more than that in hub-height, vertical wind shear across
larger rotor swept area creates higher inflow variations resulting in increasing load variations on
the longer and more flexible blades (i.e., higher fatigue loads).

Emphasis on blade load mitigation, especially in high wind velocities, has been included in
the design of modern WT controllers. However, in all designs, the wind is assumed to have no
misalignment with respect to the rotor plane. While it has been shown that yaw misalignment at
certain angular positions can mitigate the blade load variations [6], it will be beneficial to include

the benefit of yaw misalignment on the design of WT controllers to further mitigate the blade loads.



1.1. Motivations 3

wrr,

Figure 1.2: WT in the midst of vertical wind shear.

The drivetrain is the subsequent assembly of components that transmit the kinetic energy
and convert it to electric energy. Similar to the blades, larger WT structures yield more flexible
drivetrains that lead to higher failure rates due to fatigue. The most comprehensive study to date
on the long term reliability and availability of W'Ts reveals that failures in drivetrain components
as well as the blades are among the top four factors affecting the WT availability, as shown in
Fig. 1.3 [7,8]. The drivetrain and blade failures are sources of considerable costs because they often
require unplanned corrective maintenance leaving the WT out of service for a long time.

Besides being exposed to the uncertain aerodynamic environment on one end, the WTs are
increasingly exposed to the uncertainties in the power grid on the other end. As the number of
installed WTs increases to raise the contribution of wind energy to meet the overall energy demand,
it brings up the roles of WT's in maintaining the stability and reliability of the power grid. This is
evident from the continuing revisions to the existing grid codes developed by system operators all
over the world [9-11]. One of such revisions requires WTSs to provide ancillary services to the power
system to help maintaining the grid frequency. Advancements in state-of-the-art technologies in
the forms of high-efficiency generators, power electronics, and especially modern controllers have
enabled WTs to provide the services. However, the resulting drivetrain loadings have not been well
considered in the controller designs.

Aeroelastic tools have been developed to model and simulate the dynamics of WTs in response
to various operating conditions and controller designs. While the structural model in these tools

contains sufficient detail to accurately describe the dynamic loads of the blades and tower, the
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Figure 1.3: Comparison of WT components according to its annual failure rates and its down
time per failure [8].

drivetrain model is reduced to a two degree of freedom (DOF) system, resulting in restricted detail
in describing various configurations and complex dynamic behaviors of different drivetrain designs.
Although dynamic models of WT drivetrain with various levels of fidelity have been developed, they
have mostly been used in a decoupled framework; thus, providing very little insights on the dynamic
interactions between the drivetrain and other WT components. Insights into the drivetrain internal
dynamics in relation to the overall WT dynamic response amidst realistic wind and grid conditions

are prominent in designing controllers to mitigate the WT loads due to wind and grid excitations.

1.2 Objectives

In order to fulfill the identified needs due to the progressively increasing size and flexibility of WT
structures, this thesis comprises investigations on controller designs and performance validations
to mitigate the WT blade and drivetrain loads. This thesis aims to contribute towards more cost-
efficient WTs through load mitigating controllers so that the WTs components need not to be
over-dimensioned and their effective lifetime can be preserved. The blade and drivetrain loads are

the WT structural loads considered in this thesis. Each of these loads are discussed separately in
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this thesis according to the operating region of the WT.

The thesis does not investigate WT loads under extreme wind conditions (e.g., sudden extreme
gust, typhoon, etc.). Extreme event controllers (EECs) are another active area of research. The
main function of EECs are to accurately identify the occurrence of extreme event(s) and then to
bring the WT into parking (i.e., to stop the turbine) as quickly and safely as possible.

The key objectives of this thesis are as follow

e To design collective pitch controller (CPC) to mitigate the drivetrain loads
At high wind velocities above the rated wind velocity, the blades are pitched to ensure that
aerodynamic power is being extracted at the WT rating while the generator torque is kept
constant at its rated value. Because the blade pitch angle directly affects the aerodynamic
torque transmitted to the drivetrain, it is important to design the CPC so that the aerody-

namic torque does not excite the unstable modes of the WT system.

e To design individual pitch controller (CPC) to mitigate the blade loads
CPCs are inherently not able to take into account the blade load variations caused by the
vertical wind shear. Therefore, individual pitch controller (IPC) is required. In all IPC
designs so far, the wind field has been assumed to have no misalignment with respect to the
rotor plane. It will be beneficial to integrate the knowledge of reduced blade load variation

at a yaw misaligned condition to design a better load-mitigating IPC.

e To integrate high-fidelity drivetrain model with high-fidelity aerodynamic, structural, and
electrical models
For wind velocities below the rated wind velocity, the WT operates to capture as much wind
energy as possible. At such operating conditions, there is an optimum W rotor speed,
which is a function of the oncoming wind velocity, that ensures maximum energy capture.
This optimum WT rotor speed is achieved by controlling the generator torque while the blade
pitch angles are fixed at the optimum value. While achieving the desired optimum speed,
the W'T drivetrain is being exposed to various aerodynamic excitations on one hand and grid
excitations on the other. To gain insights on the internal drivetrain dynamics under such

condition, a high-fidelity WT model is required.
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e To design generator torque controller to mitigate resonance load
Within the range of WT’s operating speed, there can be a rotational speed in which the WT
undergoes resonant vibrations as the aerodynamic excitation matches an eigenfrequency of
the drivetrain. The generator torque can be controlled to alleviate such condition. While the
controller is commonly designed to add damping to the drivetrain, significant loads are still

exerted on the damped eigenfrequency. Therefore, an alternative design is needed.

e To design generator torque controller to mitigate transient load during inertial response
To allow WTs to provide the inertial response, many works have proposed the implementation
of supplementary control loops so that additional energy from the kinetic energy stored in
the rotating mass of the WT is injected to the grid during a frequency drop. However, the
inertial response excites transient vibrations on the WT structures. Therefore, a controller

can be designed to alleviate the additional costs of inertial response.

1.3 Contributions of the Thesis

The main contributions of this thesis are summarized below along with their associated publications:

e A stochastic disturbance accommodating controller (SDAC) to regulate the collective blade
pitch angle to stabilize the WT that is otherwise unstable due to the unmodelled dynamic
coupling between the drivetrain and other WT components. The proposed SDAC is shown
to yield output power closer to the rated value amidst turbulent wind while resulting in lower

drivetrain load as compared with the industrial standard PI controller [J1, C1, C3].

e A new multi-input-multi- output (MIMO) IPC that is designed based on the knowledge of
mitigated blade load at a yaw misaligned condition. The proposed IPC is still to operate in
the typical turbine configuration, in which the WT is aligned with the wind direction. It has
been shown that the proposed IPC yields lower fatigue blade loads as compared with that of

some baseline CPC and IPC at various turbulent wind conditions [J4, C5, C6].

e A new integrated WT model coupling high-fidelity aerodynamic and structural models, high-
fidelity drivetrain model, and high-fidelity electrical models in MATLAB/Simulink environ-

ment. The model can simulate WT responses under different wind and grid conditions with
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essential insights into the internal drivetrain dynamics, particularly in terms of predicting
transient loadings and possible resonant excitations. The model can be used to design the
various flexible components of the drivetrain so that transmitted loads on the gearbox can be

reduced [J3, C2, T1].

e A new controller that avoids resonance load of WT drivetrain due harmonic excitations. The
controller introduces additional virtual inertia in the generator torque to shift the eigenfre-
quency of the drivetrain only when it passes through its inherent resonance. Beyond the
characteristic resonant region, there is no compensating torque required and the maximum
power capture controller remains during normal operation. It solves a drawback of typi-
cal damper controller that induces additional load at another operating condition besides

resonance [J2, T1].

e A new controller to mitigate the drivetrain load during inertial response. As the kinetic en-
ergy stored in the rotating mass of the W'T must be injected to the grid during a frequency
drop, significant fatigue loadings are experienced by the WT drivetrain. The controller is
designed based on the concept of damper harmonic oscillator to alleviate the transient drive-
train vibrations. The high-fidelity integrated W'T model have enabled accurate design of the

harmonic oscillator [J5, C4].

The publications indicated above are listed in Appendix A.

1.4 Organization of the Thesis

This thesis comprises nine chapters. Chapter 2 describes the different components of the WT model
used for simulations and investigations. It covers the models of the wind fields, WT structures, and
generators. WT operating regions, based on which the control objectives are set, are also outlined.
Performance metrics in the form of damage equivalent load (DEL) of WT structural components
is defined at the end of this chapter.

The first part of this thesis is made of Chapters 3 and 4, which present the design of pitch
controllers for operations above the rated wind velocity. Chapter 3 presents the design of CPC to

mitigate the drivetrain load due to the unmodelled dynamic coupling between the drivetrain and
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other WT components. The controller is designed based on the principle of disturbance accommo-
dating control. Works on the disturbance accommodating controller designs for WT applications
are reviewed in this chapter. Chapter 4 presents the design of individual pitch controller (IPC)
to mitigate the blade load variations amidst vertical wind shear. The controller design considers
the benefit of yaw misalignment, which has not been considered in the previous designs of IPC.
The effectiveness of each proposed controller in comparison with some baseline CPCs and IPCs is
presented at the end of each chapter.

The second part is made of Chapters 5 to 7, which present the design of generator torque
controllers for operation below the rated wind velocity. Chapter 5 presents the design of high-fidelity
torsional model of WT drivetrain. Compared with other gearbox and drivetrain models reviewed
in this chapter, the presented model is coupled with high-fidelity WT structure and generator
models, resulting in high-fidelity integrated WT model that is helpful in design considerations.
Figenfrequencies of the presented model are validated in this chapter against the experimental
data, field measurement data as well as reported values of other works. Chapter 6 presents the
generator torque controller that injects additional inertia to the drivetrain so that the closed-loop
eigenfrequency is shifted and resonance is avoided. The effectiveness of the presented controller is
compared with the widely used stress damper controller. Chapter 7 presents the generator torque
controller to mitigate the drivetrain load while the WT is providing the recently required operation
of inertial response. The inertial response requirement results in torque spike that exerts loads on
various WT components investigated in this chapter. Such loads have not been much considered
and this chapter proposes a damped harmonic oscillator to alleviate such issues.

Finally, Chapter 8 summarises the general conclusions of this thesis, highlights its main contri-

butions, and proposes future research directions.



Chapter 2

Basics on Modelling Wind Turbine Loads

2.1 Introduction

This chapter describes the existing knowledge on modelling structural loads of a WT. Figure 2.1
explains the interactions among the WT components and multi-disciplinary approach required to
study WT dynamics. The contribution of this thesis (i.e., integration of drivetrain dynamic model
and designs of WT controllers) are highlighted in bold, italic, and underlined labels. Those areas
will be elaborated in the following chapters of this thesis. Wind turbines operate at distinct regions
according to the oncoming wind velocity. The WT structural loads at each operating region, which
is quantified in terms of damage equivalent loads (DELs) of the structure, highly depend on the
implemented controller and type of utilized generator. The operating regions, control systems,

generator types, and DELs are also discussed in this chapter.

2.2 FAST Aeroelastic Tool

The U.S. National Renewable Energy Laboratory (NREL) sponsored the development, verification,
and validation of various computer-aided-engineering (CAE) tools for prediction of WT loads and
responses. One tool based on aeroelasticity, which is the study of interactions among the inertial,
elastic, and aerodynamic forces when an elastic body is exposed to a fluid flow, stands out. The tool
named FAST, which stands for Fatigue, Aerodynamics, Structures, and Turbulence, was developed
through a subcontract between NREL and Oregon State University [12].

FAST has been certified in 2005 by an established independent certification body, through

successful extensive field tests, to be suitable for “calculation of onshore wind turbine loads for



10 Chapter 2. Basics on Modelling Wind Turbine Loads

Wind
" WT Control System
Inflow  —
A
v v

Aero- " Rotor " Drivetrain " Generation

dynamics Dynamics Dynamics P Dynamics
3 A A
A

Nacelle Dynamics

A

A 4

Tower Dynamics

Figure 2.1: Schematic of interactions among W'T components.

designs” [13]. This certification support the use of FAST as a virtual WT to simulate WT loads
under various design considerations, including the controller designs. This has made FAST a well-

known and widely used simulator for predicting both the extreme and fatigue loads of two- and

three-bladed horizontal axis WTs.

2.2.1 Wind Inflow

The stochastic wind fields can be differentiated based on the mean wind velocity at the hub-
height and the turbulence model used. TurbSim was used to generate wind input files representing
turbulent wind fields used for simulations carried out in this study [14]. TurbSim uses a statistical
model (e.g., IEC Kaimal spectral model) to numerically simulate the time series of three component
wind velocity vectors at points in a two-dimensional vertical rectangular grid, as shown in Fig. 2.2.
The TurbSim wind field grids in this thesis were generated at 20 Hz. The wind conditions march
forward in a frozen field toward the WT; that is, the vertical grids do not evolve with time.

Turbulence intensity (7'7) is a measure of the turbulence level in a wind field and is defined as

Vista

Vmean

TI =

(2.1)

where V4 is the standard deviation of the wind velocity and Vijean, is the mean wind velocity. Higher
TTI denotes high level of turbulence. International Electrotechnical Commission (IEC) divides the

turbulent wind into three classes, where turbulence classes A and C have the highest and lowest
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Figure 2.2: TurbSim-generated wind field grids, reproduced from [13].
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turbulence intensities, as shown in Fig. 2.3 [15]. As examples, 10-minute longitudinal hub-height
wind velocities generated using TurbSim with mean hub-height wind velocity of 18 m/s are shown

in Fig. 2.4.

2.2.2 Aerodynamics

FAST is interfaced with the AeroDyn subroutine package to model and simulate the aerodynamic
forces acting along the blades and tower under various wind conditions. AeroDyn contains an

important model for dynamic stall based on the semi-empirical Beddoes-Leishman model, which is



12 Chapter 2. Basics on Modelling Wind Turbine Loads

N
~
N
~

~
T

~
T

[y
T

1
T

wind velocity [m/s]
a1

I~ )
o] -
wind velocity [m/s]

PR R NN
®

N
T

Translational hub—height
N

Translational hub—height

o

o

150 300 450 600 150 300 450 600
Time [s] Time [s]

(a) (b)

o
o
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critical to accurately model yawed inflow conditions [16].

2.2.3 Structural Dynamics

FAST models a WT as a combination of rigid and flexible bodies. The rigid bodies are the ground,
nacelle, hub, and optional tip brakes (point masses) on the blade. The flexible bodies include
blades, tower, and drivetrain. The model connects these bodies with several degrees of freedom
(DOFs). These include tower bending, blade bending, nacelle yaw, rotor teeter, rotor speed, and
drivetrain torsional flexibility. The flexible tower has two modes each in the fore-aft and side-to-
side directions. Each flexible blade has two flapwise modes and one edgewise mode. Each of these
flexibilities can be turned on or off individually in the analysis by simply setting a switch in the

input data file.

2.2.4 MATLAB/Simulink Module

The nonlinear FAST WT model is implemented in the MATLAB/Simulink environment as an S-
function in the .mex32 format shown in Fig. 2.5. The required WT parameters for running the
FAST S-function is loaded from a predefined input .fst file. FAST uses Kane’s method to set
up equations of motion that are solved numerically using the assigned MATLAB/Simulink solver,
such as fixed-step solvers: odel (Euler), ode4 (Runge-Kutta), or variable-step solvers: ode45
(Dormand-Prince). Implementation of FAST in the MATLAB/Simulink environment allows the
WT models to be versatilely enhanced with high-fidelity drivetrain and/or generator models as well

as coupled with variety of controller designs.
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Figure 2.5: Open-loop Simulink model for simulating the FAST nonlinear WT.

2.2.5 Linearization of Wind Turbine Model

FAST can be used to linearize a WT at various operating conditions to obtain plant models required
for controller design. FAST linearizes the WT at a predefined number of equally spaced rotor

azimuth (i.e., rotor angular position) # in the form

AXF = AF(H)AXF =+ BF(H)AuF —+ Bd,F(G)Aud,F (2.2)

Ayp = CF(Q)AXF + DF(G)AuF + Dd,F(G)A U r (23)

where Ap, Br, By r, Cr,Dp,Dg r are azimuth-dependant state space model matrices, xp contains
the WT states, up is the control input to the WT, ug r is the disturbance input,y r is the measured
output, and A represents the perturbation from the operating condition (i.e., x = Ax + x°P).

The states in Eqgs. (2.2)-(2.3) depend on the assumed DOFs of the WT model. In other words,
the controller can be designed based on a plant model that assumes flexibility of certain parts of
the WT while other parts are considered rigid.

The state-space model of Eq. (2.2) can be averaged to give the linear time invariant (LTT) model

of the system, which is widely used for controller design

Axp = AAxp + BAup + BdAud,F (2.4)

AyF = CAxp + DAup + DdAud7F (2.5)
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Table 2.1: Key Specifications of NREL 5-MW Reference W'T

’ Parameters ‘ Values
Configuration, rating 3 blades, 5 MW
Gearbox, overall ratio Multi-stage, 97
Rotor diameter 126 m
Hub-height 87.6 m
Generator rated speed 1,173.7 RPM
Generator rated torque 43,093.55 Nm
Pitch upper and lower limits 0° and 90°
Pitch rate limit 8°/s

Table 2.2: Key Specifications of GRC WT

’ Parameters ‘ Values ‘
Configuration, rating | 3 blades, 750 kW
Gearbox, overall ratio 3 Stages, 81.49
Rotor, hub diameter 48.2 m, 1.2 m
Hub-height 54.8 m
Rated rotor speed 22.1 RPM
Maximum rotor Cp 0.43

where where A, B, By, C, D, D, are averaged state-space model matrices. Each matrix is averaged

over N azimuth angles 6;, e.g.

| X
A= N Z A (6r) (2.6)
I=1

2.3 Turbine Types

Two WTs are modeled in this thesis, each of which is dedicated for a part of the thesis. The .fst
file attributed to each WT was loaded to FAST to simulate the responses. For the pitch controller
designs, the NREL 5-MW reference WT [17] is considered, properties of which are listed in Table
2.1. For the generator torque controller designs and overall drivetrain study, the WT model is
based on the 750-kW Gearbox Research Collaborative (GRC) WT [18] operating at the Ponnequin
wind farm in northern part of Colorado, U.S.. Table 2.2 summarizes the important properties of

this WT.

2.4 Generator Types

WTs can be classified to four basic types according to their generation technologies [19]:
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e Type 1: fixed-speed WTs
Fixed-speed W'Ts are the most basic utility-scale WT's in operation. The schematic of type 1
WTs is shown in Fig. 2.6, which is also known as the Danish concept. Type 1 WTs operate
with very little variation in WT rotor speed and employ a squirrel-cage induction generator
(IG) directly connected to the grid. Because of the limited speed range in which these WT's
operate, they are prone to large torque spikes that may damage the drivetrain components
and cause transients in the electrical circuitry. The aerodynamic energy capture of these WT's
is also suboptimal because of their limited speed variation. These factors contribute to the

fact that this WT type are no longer manufactured.

e Type 2: variable-slip WTs

Variable-slip WTs employ wound-rotor IGs that allow access to both the stator and rotor
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of the generator. The schematic of type 2 WTs is shown in Fig. 2.7, which is known as
the Vestas OptiSlip concept. The rotor circuit is connected to an alternating current-direct
current (AC-DC) converter and a fixed resistance. The converter is switched to control the
effective resistance in the rotor circuit to widen the range of the operating slip variation, and
hence speed variation, up to 10%. A controller is employed to vary the effective external rotor
resistance for optimal power extraction. However, some power is lost as heat in the external

rotor circuit resistance.

e Type 3: doubly-fed induction generator (DFIG) WTs
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DFIG-based WTs remedy the problem of power loss in the rotor circuit of type 2 WTs by
replacing the resistor with back-to-back AC/DC/AC converters in the rotor circuit. The
schematic of type 3 WTs is shown in Fig. 2.8. Because the converters handle only the power
in the rotor circuit, they do not need to be rated at the generator’s full output power. The
disadvantages of this technology, namely the higher cost and complexity, are offset by the
ability to optimally extract the aerodynamic energy in a wind regime than the preceding
technologies. This WT type has been the most widely installed one for onshore WTs. Its
application is still expected to increase even into megawatt (MW)-rating WTs amidst the

growing interest in the next WT type.

e Type 4: full-converter WTs
In full-converter WTs, the power conversion only flows from the WT rotor through the back-
to-back AC/DC/AC converters to the grid. Thus, there is no direct connection to the grid
and the converters have to be rated to handle the entire output power. The schematic of type
4 WTs is shown in Fig. 2.9. These WTs usually employ high pole-count permanent magnet
synchronous generators (SGs) to allow low-speed operation, hence allowing the elimination
of the gearbox; although using IGs is also possible. The interests in this technology are
increasing, especially for MW-rating offshore WTs, although the expected increased reliability

promised by this technology has not been well proven.

This thesis takes its focus on type 3 WTs as they are currently the most prominently im-
plemented WTs in the market. DFIG models with different level of fidelity are available in the
SimPowerSystems library of MATLAB/Simulink. As illustrated in Chapters 5 and 7, each model
was accordingly selected and modified to fit the purpose of each investigation. The generator model
is integrated with FAST to investigate the electromechanical interactions present in WT operations.

Integration of FAST with other generator models are discussed in [20].

2.5 Control Objectives

The popular variable speed and variable pitch capabilities of type 3 utility scale WTs further
promote the development of novel controllers. Type 3 WT operates in five major operating regions

based on the output power of the generator as a function of the effective wind velocity, as shown
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Figure 2.10: Typical power curve of type 3 WT,
1 pu (per unit) power = rated power of the generator.

in Fig. 2.10. The distinct output power requirement determines the main control objective of each
region [21-25].

Region 1 lies below the cut-in wind velocity. In this region, the mean power available in the
wind is insufficient to overcome electrical and mechanical losses. Region 2 lies between the cut-in
and rated wind velocities. In this region, the WT operates to capture as much wind energy as
possible by controlling the generator torque to reach the optimum WT rotor speed. The power

captured by the WT rotor is given by
1
Prot = §CP(/\7ﬂ>PAV13 (2.7)

where p is the air density, V; is the longitudinal wind velocity perpendicular to the WT rotor plane,
Apot is the rotor swept area, and Cp is the rotor power coefficient, which is a function of the tip

speed ratio (TSR) A and blade pitch angle 3. The TSR is given by

Wrot 12
Vi

A:

(2.8)

where wyot is the WT rotor rotational speed and R is the rotor radius.
To ensure maximum extraction of the wind power, it is imperative to ensure that the W'T is
operating at the maximum power coefficient Cpmax. Figure 2.11 shows the power coefficient curve

of a type 3 WT. The maximum power extraction can be achieved by fixing the blade pitch angle at
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its optimum value f,, as represented by the black dotted line in Fig. 2.11(a), and then regulating
the rotor speed such that the TSR is optimum at \,, as shown in Fig. 2.11(b). The generator

torque Qgen of DFIG in region 2 is controlled as [26,27]

Qgen = koptwrzot (2.9)

R3 CP,max

1
kopt = 5/0‘4 )\%

The quadratic torque control law given by Eq. (2.9) in steady-state causes the WT to operate

at the optimum TSR A,. The dynamics of the WT considering a simple rigid body model relating
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the net torque and WT angular acceleration is defined as

wrot :% (Qaero - Qgen) (2'10)

1 3 92 CP CVP,maLX
TP AT <)\3 T

Because the WT overall inertia J, p, 4, R, w2, are not negative, the sign of W depends on the
sign of the difference within the parentheses. Because by definition Cp < Cpmax, if A > A, then
wrot < 0, meaning that assuming constant wind, the WT will decelerate toward A = A\, and vice

versa.

Region 2 % starts close to the rated wind velocity and helps to smooth the transition between
regions 2 and 3. Region 3 lies between the rated and cut-out wind velocities. In this region, the
WT operates to produce constant output power at its rated value in spite of varying wind velocity.
The constant rated power can be achieved by operating the WT at constant generator torque and,
thus, regulating constant generator speed through a feedback control, wherein the pitchable blades
act as the control actuation. The predominant methods of regulating constant generator speed are
based on the control methods utilizing collective blade pitch actuation (i.e., equal pitch angle for
all blades). The collective pitch controller (CPC) commonly implemented in wind energy industry

is based on a single-input-single-output (SISO) gain-scheduled PI (GSPI) controller as depicted in

op
rot

Fig. 2.12 [23,28]. Its main objective is to maintain the rotor speed wyo at its rated value w ., in
the presence of the continuously changing wind velocity. The rotor speed measurement is low-pass
filtered to attenuate the effects of measurement noise and unmodeled dynamics [29-31]. The PI
gains are scheduled through a function G; of the collective blade pitch angle 5. to account for
the nonlinear WT aerodynamics [17]. A back-calculation scheme with an anti windup gain Ky, is
implemented to prevent integral windup due to saturation of the pitch actuator. Finally, region 4,

lies above the cut-out wind velocity. In this region, the WT is parked to prevent damages to the
WT components due to enormous loads coming from extremely high wind velocity.

This thesis proposes control strategies to achieve the primary objectives of region 2 (below
rated wind velocity) and 3 (above rated wind velocity) operations. Further, the proposed controller
designs aim to mitigate fatigue loads of the WT components. The discussions commence with

the designs of pitch controllers, in which the generator torque is kept constant, to mitigate the
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drivetrain and blade loads; followed by the designs of generator torque controllers, in which the

blade pitch angles are kept constant, to mitigate the drivetrain loads.

2.6 Damage Equivalent Load

The critical WT loads considered in this thesis are in the directions of motions shown in Fig.
2.13. The front view shows the WT loads in the rotor plane while the side view shows the ones
perpendicular to it. The blade in-plane (IP) motion results in bending moment at the blade-root
(i.e., the connection between the blade and the hub) in the same direction. Similarly, the blade
out-of-plane (OOP) motion results in blade-root OOP bending moment. The tower side-to-side
(SS) and fore-aft (FA) motions result in SS and FA bending moment loads, respectively. They can
be measured on the top of the tower (i.e., loads on the nacelle base plate) or at the base of the
tower (i.e., loads on the WT foundation). Finally, the drivetrain rotational motion results in torque

(i.e., torsional loads) transmitted through the shafts and gears.

To quantify the structural loads of the WT components in terms of fatigue loads, the 1 Hz DEL

was calculated for each case. The concept of DEL has been widely used in WT application [32-34].
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The DEL Seq is defined as

1
Sea = <N1 > <nz~L;-”>) (211)
which represents a constant load amplitude Seq that, for a chosen equivalent number of cycles Neq,
produces the same damage as an oscillatory load with n; cycles each of which has a range of L;. n;
and L; are calculated using a rainflow counting algorithm [35] based on the Palmgren-Miner rule
for linear accumulation of damage with m as the slope of the material cyclic stress to failure (i.e.,
the SN curve). In the rainflow counting algorithm, both mean and range of the load are taken
into consideration. Thus, the WT control objective to reduce the DEL (i.e., to mitigate the fatigue
load) is not limited only to reducing the load fluctuation.

In this thesis, the DELs were computed using the MLife code [36] based on the simulated time-

series loads with Neq = ¢, where ¢ is the data length in second. The slopes of the SN curves are

shown in Table 2.3 according to the materials commonly used to manufacture each WT component.

Table 2.3: Slopes of the SN curves

Components ‘ Values
Tower 3
Drivetrain (i.e., shafts and gears) 8
Blades 10




Chapter 3

Pitch Controller to Mitigate Load due to Unmodeled Dynamics

3.1 Introduction

The formulation of disturbance accommodating controller (DAC) to maintain the WT output power
at its rated during region 3 operation has been emerging during the last decade as an alternative
to the typical PI controller shown in 2.12. DAC was firstly introduced by Johnson [37,38] and as
its name suggests, DAC considers the dynamics of the process disturbance. For WT applications,
DAC regards the oncoming wind as a persistent disturbance input and has been demonstrated
through numerical simulations and field tests to successfully attenuate the effects of changing wind
velocity [5,29,39-43]. However, as reported in [5], this approach is sensitive to modeling errors.
Simulations using DAC that is designed based on a lower-order WT model assuming only the
torsional flexibility of the drivetrain but implemented on a WT with higher-order dynamics (i.e.,
having flexibilities at other components, such as blades and towers) can lead to an unstable system
response. Moreover, when measurement noise is present, additional low-pass filter is required
to prevent noisy actuation signal. Otherwise, problems such as chattering and saturation of the
actuator may arise.

This chapter presents a new control strategy based on the concept of stochastic disturbance
accommodating control [44] for variable pitch (but not necessarily variable speed) WTs to compen-
sate for the unmodeled dynamics, (i.e., the neglected modes during the design of the controller),
changing wind velocity, and measurement noise. The term ‘stochastic’ stems from the assumption
of a stochastic plant model having uncertainties due to the unmodeled dynamics and/or modeling
errors. These inherent uncertainties can cause instability if only the nominal control feedback law

is applied. To achieve stability, this approach proposes the use of tuned Kalman estimation in the
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feedback loop to estimate both plant and disturbance states from a noisy measurement signal. This
work is motivated by some practical advantages of implementing the Kalman estimator including
easy tuning of the estimator parameters (i.e., the noise covariance matrices) and a more economic

implementation because Kalman estimator can be used directly to filter noisy measurements.

3.2 Turbine and Actuator Models

This chapter considers the NREL 5-MW reference WT, properties of which are listed in Table
2.1. For the design of the stochastic disturbance accommodating controller (SDAC), the WT was
modelled considering only the flexibility of the drivetrain. This model is well-known as the two-
mass model shown in Fig. 3.1. The other structural parts (i.e., the blades and towers) were
assumed rigid. The WT model was linearized around the wind velocity of 16 m/s, which is referred
throughout this chapter as the linearization wind velocity. State-space formulation for this assumed

WT model can be expressed as
Axp = ApAxp + BrpAurp + Bd,FAUd,F (3.1)

where

T
Axp = {Awrot Abrot — Abgen Awgen} , Aup =AB., Augr=AV

The three states considered in vector Axp are the perturbed rotor angular velocity, torsional
deflection of the drivetrain, and generator angular velocity, respectively. The control input Aug
is the perturbed actual pitch angle A3, and the disturbance input Awug r is the perturbed wind

velocity AVj. This model is referred as the three-state model in, such as [5].
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Pitch actuators for WTs can be either hydraulic or electric motors. They are necessary to
alter the pitch angle of each blade. However, FAST does not provide any models to the represent
dynamics of pitch actuators. Therefore, a 2" order actuator model is commonly used for piston

servo system commonly installed in megawatt scale WT's [45-48]

w2

5, (3.2)

fe = 52+ 2Cwy +

where [, is the commanded reference pitch angle, which acts as the input to the actuator. As there
is no actual implemented actuator for the NREL 5-MW reference WT, parameters of the actuator
model were chosen to have similar cut-off frequency (the -3 dB frequency) to that of an operating
WT in [24,49] with w, = 30 rad/s and ¢ = 0.7.

It is important to mention that in this chapter, the actuator model is implemented only for
the evaluation of control performance. Due to a reason elaborated in the following section, the
actuator model is not considered during the design of the controller. In other words, during the

design stage, it is assumed that 8. = §,.

3.3 Collective Pitch Controllers

In order to facilitate a fair comparison, wherein the same number of sensors is used for both
controllers, the control schemes in this chapter take the generator speed measurement as its only

input and give the collective pitch command as its output.

3.3.1 Baseline GSPI Controller

The GSPI controller shown in in Fig. 2.12 is the baseline controller in simulating the response of
the NREL 5-MW reference WT [30]. In designing this controller, the WT was modelled as one
rigid inertia. Therefore, neither the WT structural flexibilities nor the actuator dynamics was
considered. In the cases of realistic turbulent wind fields while the region 3 pitch controller is
being implemented, the instantaneous wind velocity occasionally dips from region 3 to region 2
and it may stay there for some time before returning back to region 3. This scenario can cause the
integral windup issues, and thus, an integral anti windup is implemented to tackle such problem.

The overall schematic of this baseline control strategy is shown in Fig. 3.2.
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Figure 3.2: Schematic for simulation using GSPI controller.

3.3.2 SDAC

The SDAC is designed based on the linearized plant model shown in Eq. (3.1). Because (Ar, Br)
is controllable, a feedback control law with static gain can be designed as the nominal control law

in order to place the poles of the closed-loop system at the desired locations

In the design of DAC for WT application, the wind variations can be modelled as persistent
disturbances [37] while the effects of the unmodeled dynamics can be assumed to introduce Gaussian

white process noise into the system. This results in disturbance dynamics that is modeled as

Ai:d,p = AdAde:‘ + W (3.4)

Aud,F == CdAxd,F (35)

where W is the zero mean Gaussian white process noise due to the unmodeled dynamics. In

previous applications of DAC for WT system [5,29,39-43], there has been no consideration on the
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unmodeled dynamics (i.e., no W in Eq. (3.4)). Instead, the previous designs on DAC required a
high-order dynamic model of the WT because only drivetrain model of Eq. (3.1) is not sufficient.

Otherwise, the closed-loop system will be unstable, as shown later in Section 3.4.

In this work, the change in wind velocity is assumed to be a step persistent disturbance, which
has been shown to be an adequate approximation of uniform wind velocity for WT controllers
[5,29,39] with A; = 0 (i.e., zero eigenvalue for persistent disturbance) and Cy = 1. To attenuate
the effect of the disturbance input Augr on the system dynamics, one can theoretically set an

additional feedback control law based on Egs. (3.1, 3.4, 3.5) as
Au} = —Gd7FAIL‘d7F (3.6)

where, for Cy =1

Gar = (BEBr) 'BLByr

Thus, the total DAC feedback law is stated as

- . Axp
AUF:A,BC:AUF—I-AUF:— {GF Gd,F:| (37)
Azxgp

It is important to note that the actuator model is not considered during the controller design
stage because it introduces a problem in the disturbance attenuation. It results in a steady-
state error in the speed regulation if the controller gains are not carefully tuned, which could be
explained as follows. If the actuator model was considered in controller design, an augmented
(WT with actuator) plant model would be created, resulting in the following linearized state-space

representation

AXP = ApAXp + BpA,Br + Bd,pAud,F (38)

AXF AF BF AXF 0 BdJ:'
Ax, 0 A, Ax, B, 0

A’U,d7 F
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where

Ax, = AuAx, + BoAB,

AB, 0 1 AB, 0
ABC —wTQL —2Cwn ABC w2

represents the actuator model of Eq. (3.2) in the state-space representation.

Following the previously developed approach for the WT model only, one can set the total

control law for the augmented plant to be
Afy = — {Gp Gd,p] (3.9)

so that in the steady-state (i.e., X, = 0) the augmented states can be expressed as
Axp s = (Ap — BpGy) ' (ByGap — Bayp) Azgp (3.10)

Disturbance attenuation for the augmented plant can be achieved by setting the disturbance
state gain as Gq, = (BIB,) "B/ Bgy,. However, due to the structures of both the control and
disturbance input matrices (i.e., B, and Bg,, respectively) the resulting gain G4, would always
be zero. In other words, there would be no actuation that acts to attenuate the effect of the
changing wind velocity. Moreover, it implies that for any tuned values of Gy, # 0, the term
(Bdem - Bchp) # 0.

Physically, one can see that the augmented system in Eq. (3.8) does not relate the augmented
system states Ax, to the aerodynamic effect of the commanded pitch angle Afj,, which in the WT
model of Eq. (3.1) is served by Br that relates Axp to AfS.. As a result, the disturbance state
gain computed based on the augmented system model does not give a good disturbance rejection
response.

It is important to note that in steady-state, the actuator state Ax, must not be zero as it
contains the perturbed actual pitch angle AB.. However, it is possible to find the tuned Gy, so

that, from Eq. (3.10), the WT states Axg have the desired zero steady-state values. In order to do
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Controller
”’

so, the tuned value Gy, is now dependant on the value of G,. In other words, the feedback gain
for the disturbance state is different for different desired closed-loop pole locations. This in turn
complicates the tuning process. On the contrary, the DAC feedback law designed by omitting the

actuator dynamics does not suffer from any steady-state error. This stems from the fact that for

common pitch actuators at the steady-state 8. = (,, conforming with the basic assumption used

in designing the control feedback law in Eq. (3.7). Therefore, it is recommendable to omit the
dynamics of pitch actuator in designing the DAC feedback law.

As only the generator speed is available from measurement, it is necessary to design a state
estimator to obtain the estimates of the other W'T states as well as the disturbance state. The

linearized plant model, Eq (3.1), can be augmented with the disturbance model, Eq. (3.4), and the

generator speed measurement as

Ax, = A, Ax, + B,Aup + D, W (3.11)
Axp Ap Bd,F Axp Br 0
= + Aup + w
Al"dyp 0 0 A«'Ud,F 0 I
Ayrp = CoAx, +V = |Cp 0| Ax, +V (3.12)
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where V is zero mean Gaussian white measurement noise.

(A,, C,) is found to be observable. Thus, even though the disturbance state is not measured,
based on the assumed stochastic properties of W and V, an optimal estimator such as Kalman
estimator can be implemented to estimate the unmeasured system and disturbance states from the

noisy measurement. The estimator dynamics can be written as
AX, = AyA%, + B,Aup + K(Ax, — A%,) + KV (3.13)

where the Kalman gain can be calculated as K = PCI R™! and the estimation error covariance
matrix P = E [(Ax, — A%,)(Ax, — A%,)T] can be obtained by solving the continuous-time Riccati
equation

P=A,P+PA! - KC,P +D,QD’ (3.14)

where Q and R are the process noise covariance matrix and measurement noise covariance, respec-
tively. Because R can be obtained during the calibration of the measurement sensor, Q acts as the
tuning parameter for the Kalman estimator. The overall schematic of the proposed SDAC is shown

in Fig. 3.3.

3.4 Simulation Results and Discussions

3.4.1 Simulation with Step Wind Inputs

As a tuning guideline of the proposed SDAC, it is important to note that if Q = 0, then the
estimated disturbance state Az4p = 0. Thus, the total control law in Eq. (3.7) becomes just the
nominal control. For the case presented in this study, the nominal control Az g of the designed DAC
acting on the ‘true’ plant with higher-order dynamics results in an unstable system. Therefore,
selecting too small Q will also result in an unstable system. Figure 3.4 shows the generator speed
(i.e., the output) and commanded pitch angle (i.e., the input) responses from simulation with FAST
for the NREL 5-MW reference WT with Q = 0. The wind input for this simulation was a constant
uniform wind velocity of 16 m/s (i.e., the linearization wind velocity). As discussed in the previous
section, the SDAC was designed by considering only the dynamics of the WT drivetrain, while

the ‘true’ plant (i.e., the WT modeled in FAST) included other structural dynamics of blades and
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tower. Despite designing the nominal control law of Eq. (3.3) that has stable closed-loop poles, the
responses show unexpected deterioration of performance due to the unmodeled dynamics. Similar
deterioration in the response was also reported in [5]. Figure 3.4(a) shows that the deteriorated
performance is indeed due to the unmodeled high-order dynamic, which in turn forces the saturation
of the actuator, as illustrated in Fig. 3.4(b).

On the other hand, selecting a large Q value would compel the Kalman estimator to completely
rely upon the measurement signal and therefore the noise associated with the measurement signal
is directly transmitted into the estimates and then the control input [44]. In simulating the WT
responses, a Gaussian white noise with a variance of 10 RPM?, giving a signal to noise ratio of
approximately 50 dB, was present in the measured generator speed signal. Figure 3.5 shows the
simulated responses of the NREL 5-MW reference WT with a large diagonal matrix Q, as well
as a tuned one. The rough tuning of the diagonal matrix Q was done to achieve more or less
similar generator speed response with that of the baseline GSPI controller at the linearization wind
velocity, as illustrated in Fig. 3.6 for the NREL 5-MW reference WT. It is further fine tuned to
have a similar root mean square (RMS) generator speed error at the chosen linearization mean
turbulent wind velocity, as discussed in the following subsection.

A good estimate of the wind velocity is critical in DAC as it directly affects the disturbance
attenuation performance. For SDAC with the tuned Q, Fig. 3.7 shows the wind estimate under
multistep wind velocity input. Being a linear controller, it is expected that the estimation de-
teriorates as the wind velocity deviates away from the linearization wind velocity of 16 m/s due
to the nonlinear aerodynamicss. Nevertheless, as shown in the following subsection, the control

performance still yields good speed regulation.

3.4.2 Simulation with Turbulent Wind Inputs

To evaluate and compare the performance of the proposed SDAC to that of the baseline GSPI
controller, simulations were performed under turbulent wind conditions for simulation time of 600
seconds each, following the IEC 6400-12 standard [50]. As this chapter focuses solely on the
control objectives of region 3 operation, no switching of control logic is implemented although the
instantaneous wind velocity occasionally drops to region 2 or rises to region 4 for a while.

TurbSim was used to generate realistic hub-referenced turbulent wind fields following the Kaimal
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Figure 3.4: Deterioration in system responses for Q = 0
(a) with ideal (limitless) pitch actuator and (b) with actual pitch actuator.

spectrum [14]. Five turbulence cases were simulated. Each case used nine different turbulence
seeds, resulting in a total number of 45 simulations. Four of the tested cases have different mean
wind velocities with low turbulence intensity of class C while the remaining has high turbulence

intensity of class A at the linearization mean wind velocity. Each operating condition is presented
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by indicating the mean velocity followed by the turbulence class or intensity in parentheses. For
example, 16 m/s (C) represents the condition with mean wind velocity of 16 m/s with turbulence
class C. Simulations on cases beyond these mean wind velocities and turbulence intensities resulted
in an invalid comparison as the integral windup yielded severe performance deterioration for the

baseline GSPI controller despite implementation of the integral anti windup.

Relative performance between the controllers is compared in terms of speed regulation, DEL of
the low-speed shaft (LSS), and control cost. The speed regulation is compared using the RMS and
maximum value of the speed error from the rated generator speed. The control cost is compared
using the RMS of the blade pitch rate. Notched boxplot for each performance metric is plotted
side by side for graphical comparison. The notch feature serves to highlight the difference among
the data groups. Nonoverlapping notches offer evidence of a statistically significant difference
between two compared boxplots with 95% confidence level. Further, in order to standardize the
comparison, both controllers are tuned to achieve approximately similar RMS generator speed error
at the reference operating condition. This reference operating condition corresponds to the one at
the linearization mean wind velocity with lower turbulence intensity of class C. All performance
metrics are normalized with respect to the median of the corresponding metric of the reference

operating condition.
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Speed regulation of each controller is compared in terms of the RMS generator speed error in
Fig. 3.8(a). The two controllers achieved the desired similar performance at the reference mean

wind velocity. Further, the maximum generator speed error is compared in Fig. 3.8(b).

In term of the RMS generator speed error, a distinct trend between the controllers is observed
across the tested mean wind velocities with similar turbulence class. The GSPI controller shows an
expected trend in which the best speed regulation is achieved at the reference mean wind velocity
of 16 m/s. Having been designed to take into account the nonlinear WT aerodynamics, the GSPI
controller performs much better than a PI controller. Nonetheless, the GSPI controller cannot
completely eliminate the performance degradation due to nonlinearity. On the other hand, having
been designed as a linear controller, the SDAC shows a different trend in which the median and
variation of the RMS speed error decreases as the mean wind velocity increases. One explanation
of this can be offered through investigation of the instantaneous wind velocity. Previous study on
the high-order controller for another W', designed considering all WT flexibilities, has shown that
the performance of DAC deteriorates as the wind velocity approaches the rated velocity [5]. As
the mean wind velocity decreases, there are more occurrences of the instantaneous wind velocity
near its rated value. This performance deterioration of SDAC at the wind velocities close to the

rated value can be improved by gain scheduling of the SDAC gains. Nevertheless, in terms of both
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RMS and maximum speed errors, the proposed SDAC gives significant improvement for the mean
wind velocities higher than the reference mean wind velocity and insignificant difference from that
of GSPI for the ones lower or equal to the reference wind velocity. Therefore, the proposed SDAC
conclusively improves the speed regulation across the tested mean wind velocities. Furthermore,
though higher turbulence intensity leads to deterioration of generator speed response, as shown in
Fig. 3.8(a), the SDAC results in lower speed error. This is an expected result as the controller
formulation has taken into account the variations in wind velocity due to turbulence through the

process noise covariance matrix Q.

The added value of using two-mass drivetrain model is the ability to regulate dynamic loads
experienced by the drivetrain due to the induced torsional deflections. It is accomplished by
adjusting the closed-loop pole locations related to the torsional vibration of the drivetrain. This is
validated in Fig. 3.8(c), in which the drivetrain loads of SDAC across different mean wind velocities
and turbulence intensity are statistically lower than those of the GSPI controller, which does not

take into account the flexibility of the drivetrain.

Figure 3.8(d) shows that the achievement of better speed regulation and lower drivetrain load of
the SDAC generally comes with a higher control cost than that of the GSPI controller, which does

not aim to mitigate the drivetrain load. However, the SDAC costs less at low mean wind velocity
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and high turbulence intensity. At such conditions, the instantaneous wind velocity more often
interchanges between regions 2 and 3, contributing to the windup issue for the GSPI controller.
Not only does this issue create high fluctuations in the rotational speed, as shown in Fig. 3.8(a),

but it also forces the pitching actuation to saturate at its maximum rate of 8 °/s.

3.5 Chapter Conclusions

This chapter presents the use of Kalman estimator in designing SDAC for CPC to stabilize the
closed-loop system with unmodeled dynamics. Previous studies have highlighted the undesirable
and destabilizing effects of the unmodeled higher-order structural dynamics on the previous designs
of DAC for WT applications. This problem has successfully been addressed in this chapter using the
proposed control scheme. To investigate the performance of the proposed SDAC against a stable
baseline CPC, simulations were performed under turbulent wind conditions with various mean
velocities and turbulence intensities. This chapter has shown that the SDAC is shown to improve
the power quality up to 20.8%, while resulting in lower drivetrain load up to 22.5% as compared
with the industrial-standard CPC. It was expected that the additional objective of dampening the
drivetrain load will increase the control cost. Nonetheless, due to the nature of turbulent wind
and the implementation of integral anti windup in the GSPI controller, the proposed SDAC can

sometime result in a lower control cost.






Chapter 4

Pitch Controller to Mitigate Load considering Yaw Misalignment

4.1 Introduction

Collective pitch controllers (CPCs) are inherently not able to take into account the blade load
variations caused by the vertical wind shear. Therefore, the individual pitch controller (IPC) was
introduced, which requires additional sensors to measure the blade-root moments [51-53]. Since
its introduction, various design alternatives and improvements have been proposed for IPC [47,54—
57], all of which were designed considering the effects of changing wind velocity and asymmetric
aerodynamic loading due to wind shear to simultaneously maintain the WT rated speed (or power)
and mitigate the blade load variations. In the designs of all these proposed IPCs, the wind field is
assumed to have no misalignment with respect to the rotor plane.

A recent study has shown that yaw misalignment at certain angular positions can mitigate the
blade load variations [6]. It suggested that the optimum yaw misalignment angle, which yield the
lowest blade load variations, can be estimated based on the mean wind velocity, shear magnitude,
and turbulence intensity. Further, it proposed a strategy in which the yaw controller holds the WT
at the optimum angle while the WT operates at region 3 operation through implementation of a
CPC, which is independent from the yaw controller. However, such yaw control strategy requires a
reliable sensor to the capture the conditions of the oncoming wind in order to decide the optimum
yaw misalignment angle. Further, while the intentional yaw misalignment reduces the blade load
at constant wind velocity and varying wind velocity with low turbulence intensity, the blade load
alleviation at high turbulence intensity is insignificant.

This chapter presents a multi-input-multi-output (MIMO) IPC based on linear quadratic reg-

ulator (LQR) design that takes into account the benefit of yaw misaligned condition to alleviate
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Figure 4.1: Schematic of the baseline TPC.

the blade loads. The reference point for the design of this controller is the one in which the WT
operates in a yawed inflow condition that yields lower blade loads than if it operates with zero yaw
misalignment. Nevertheless, the controller is intended for implementation on WTs with conven-
tional yaw control strategy that aligns the WTs with the wind. Thus, there is neither intentional
yaw misalignment nor coupling between the proposed MIMO IPC and the yaw controller. Also,
the proposed controller does not require any sensors to capture the wind conditions. This chapter

also considers the NREL 5-MW reference W'T for controller design and verification.

4.2 Baseline Pitch Controllers

There are three baseline pitch controllers considered in this chapter, two of which regulate the
collective pitch angle and another one regulates distinct pitch angle for each blade. The baseline
CPC design is the SISO GSPI controller depicted in Fig. 2.12 with an anti windup gain K, = 10.
One of the two CPC implementations in this chapter considers that the WT is aligned with the
wind (i.e., 0° yaw angle) while the other considers that it is intentionally misaligned at the optimum
angle, if such an angle exists, that yields the lowest blade-root OOP bending moment.

The baseline IPC design is defined in [52,53] and shown in Fig. 4.1. It consists of independent
rotor speed controller and blade loads controller. The rotor speed controller is the baseline CPC

and the blade load controller is designed to take into account the wind shear effect. The spatially
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varying wind velocity across the rotor plane causes asymmetric loadings, alleviating which requires
independent regulation of each pitch angle. For this control loop, the blade-root OOP bending
moments of each blade My.;, measured in a reference frame that rotates with the WT rotor,
are transformed to tilt moment My and yaw moment M, in the direct and quadrature axes of a

nonrotating frame as follows

Myc,l
M, 9 |cos(0) cos(0+ 2Z) cos(6+ 4F) (4.1)
-3 c,2 .
M, 3 sin(f) sin(0 + &) sin(f + 4F) !
Myc,3

where 0 is the measured rotor azimuth, with § = 0 is where blade 1 is aligned with the z - axis,
as shown in Fig. 2.13(a). It has been shown that the transformation decouples the collective
pitch angle controller that regulates the rotor speed from the individual pitch angle controller that
mitigates the blade load variations [54]. This in turn allows combining this blade load controller

with various designs of CPC [58].

As the results of orthogonal transformation, the tilt and yaw moments can be considered as
decoupled loads [51-53]. Thus, a PI controller can be designed to bring down each load component

to zero. The outputs of the controllers, AB; and Af,, are inverse transformed by

ABy cos(6) sin(0)

Afq
ABy ¢ = |cos(0+ &) sin(0+ %) Af (42)
ApBs cos(f + %) sin(f + 4F) !

to define them back in the rotating frame. Finally, the transformed pitch angles Af; are summed

with the collective pitch angle to be the individual pitch control commands 3 for each actuator.

4.3 Effects of Yaw Misalignment

The aerodynamics of WT in yawed inflow condition and the resulting mitigation of blade load

variations amidst wind shear are explained in detail in [6]. To demonstrate the mitigation effect of
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Figure 4.2: Top view of wind shear and yaw misalignment on WT in Fig. 1.2.

yaw misalignment, the exponential vertical shear model shown in Figs. 1.2 and 4.2 is used

V(z) =V, <z>a (4.3)

Zh

where V}, is the wind velocity at the hub-height z; and z is the height above the ground. The IEC
standard recommends a wind shear exponent of o = 0.2 for onshore WTs [15]. Looking at the WT
from top, the yaw misalignment angle ¢ is measured positively clockwise from the effective wind
direction to the axis perpendicular to the rotor plane. (i.e., ¢ > 0 in Figs. 1.2 and 4.2). The wind
velocity V' can be decomposed into the longitudinal V; and translational V; components, which are

perpendicular and parallel to the rotor plane, respectively.

A set of simulations using FAST were performed at different yaw misalignment angles ¢ and
constant hub-height wind velocity Vj to evaluate the blade load variations under sheared wind
flow governed by Eq.(4.3) with the WT operating using the baseline CPC. Simulations using the
baseline CPC represents the nominal operating conditions for linearization, in which the rate of
change of the WT speed and blade pitch angles are small (i.e., the system inputs and output are

nearly constant at equilibrium).

The blade load variation is represented by the peak-to-peak range of the resulting steady-state
blade-root OOP bending moment of the first blade dM,.1, whose value is equal for all blades.

The load variation is then normalized with respect to the peak-to-peak bending moment at zero
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Figure 4.3: Simulated blade OOP loads under combined influences of wind shear and yaw
misalignment for the baseline CPC: (a) peak-to-peak range (b) normalized peak-to-peak range.

misalignment as
5Myc,1 (Vh7 gb)

4.4
IMyc1(Vi, 0) (44)

5Myc,1 (Vha ¢) =

The peak-to-peak ranges and normalized values are shown in Fig. 4.3 as a function of yaw mis-
alignment angle and wind velocity. It is important to highlight that for all cases the WT output
power was successfully maintained at its rated value. The asymmetry in Fig. 4.3 stems from the
fact that the rotor is rotating clockwise, seen from upwind, as shown in Fig. 1.2. If the rotor is

yawed in the positive direction, as shown in Fig. 4.2, the translational wind velocity V; (in positive
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Normalized OOP blade-root moment

Yaw misalignment angle ]

Figure 4.4: Simulated blade OOP loads under class C turbulent winds with different mean wind
velocities.

y - direction) adds to the blade load fluctuations, as reflected in Fig. 4.3 Conversely, if the rotor is
yawed in negative direction, the translational wind velocity V; (this time in negative y - direction),
dampens the blade load fluctuation.

Pitch controllers described so far have been designed at zero yaw misalignment angle. However,
Fig. 4.3 shows that negative yaw misalignment angles yield lower load variations, with the lowest
variation occurring at the operating condition marked by the pentagram. This implies that common
pitch controllers are designed based on conditions having nearly three times higher blade OOP load

than the lowest achievable load through yaw misalignment.

For the case of turbulent wind with the baseline CPC, the optimum yaw misalignment angle
varies according to the mean wind velocity and turbulence intensity. Figure 4.4 illustrates the
optimum yaw misalignment angles for cases with similar turbulence class but different mean wind
velocities at region 3 operation. Each data point represents an average of six values of 1-Hz DEL
normalized with respect to the averaged DEL at zero misalignment angle. At mean velocity of 14
m/s, the optimum yaw misalignment angle does not exist and absolute yaw misalignment angles
larger than 20° at this wind mean velocity results in severe windup issues. At mean velocity of
16 m/s, the intentional yaw misalignment does not assist the blade load mitigation. Meanwhile,

at higher mean wind velocities, a range of negative yaw misalignment angles yield lower blade
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load with the best improvement of 2.5% at —5°. This observation presents key challenges in
implementing the baseline CPC with intentional yaw misalignment on the a WT. Firstly, a reliable
sensor is imperative not only to measure but also to monitor wind velocities for some period of
time to sufficiently determine the mean velocity and turbulence intensity according to Eq. (2.1).
Secondly, the optimum yaw misalignment angle for turbulent wind can only be determined through
simulations, such as the one performed to obtain the results in Fig. 4.4. Many more simulations
have to be performed to obtain the complete set of optimum yaw misalignment angles at various
turbulent wind conditions to which a WT may be exposed. Lastly, it is important for the yaw
controller and drive to deliver accurate yaw misalignment angle as small deviation, especially in

the positive yaw misalignment angle, may result in amplification of the blade load.

4.4 Proposed Controller Design

To yield a pitch controller that results in a superior blade load mitigation, a MIMO controller
designed based on a model linearized at the operating condition marked by the diamond in Fig. 4.3
is proposed in this chapter. This condition was chosen instead of that with the lowest blade load
because its correspondingly lower wind velocity is located in the middle of the region 3 operating
region, thus improving the speed regulation across the range of wind velocities at region 3 operation.

A linearized model is obtained for the NREL 5-MW reference WT in a sheared and yawed inflow
condition with a hub-height wind velocity V;, = 19 m/s, yaw misalignment angle ¢ = —30°, and
shear exponent @ = 0.2 at a defined number of equally spaced rotor azimuth # of the form of Eq.
(2.2), where the states consider the generator rotation and first flapwise mode of each blade, which
are the minimum DOFs required to capture the dynamics of the rotor speed and blade loads. The

states, control inputs, and disturbance inputs of the linearized model are respectively defined as

T

AXF:{AO Afir Afs Afs Ab Afl AfQ AfS}
T
AUF:{Aﬁl Aps A53}

T
Aug = {Av; A¢}
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where f; is the flapwise tip deflection of the i*" blade.

The states associated with the blade tip DOF, f; and f;, are defined and measured in the
rotating reference frame. To assist in the controller design, multi-blade coordinate (MBC) trans-
formation, which is a more general form of the d, q - axis transformation, is applied to transform all
measurements to the nonrotating reference frame. MBC transformation for WT applications is dis-
cussed in detail in [59]. The disturbance states, which have been defined in the nonrotating frame,
take into account the changes in both hub-height longitudinal wind velocity and yaw misalignment

angle.

For the defined states and control inputs, the transformation from the nonrotating frame to the

rotating one are defined as

AXF = TSAXNR (4'5)

Aup = tAung (4.6)

where the transformation matrices are defined as

T 0
Ts = 1. )
0Ty, Ty
1 cos(0) sin(6)
t= |1 cos(f + 2F) sin(6+ )|
1 cos(0+2F) sin(0+ 4F)
10
Tl - >
0 t
0 0 0 0
0 0 —sin(# cos(f
- Q Q
0 0 —sin(0+ %) cos(d+ %)
0 0 —sin(0+4F) cos(d+2F)
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The states and control inputs in the nonrotating frame are defined as

T
AXNR = {A@ AfO Afc Afs A9 AfO Afc Afs}
T
AU‘NR = {ABC A/Bcl /Bq}
where fy, f., and fs are respectively the static, cosine-cyclic, and sine-cyclic components of the

flapwise blade-tip deflections. The linearized state-space model in the nonrotating frame can be

expressed as

AxNr = ANR(0)AxNgr + Byr(0)Aung + Banr(0)Aug (4.7)
where
' 0 0T 0
Axr(0) = Ap(0)Ts — | iy .
0 T 0°T3 + 0Ty 20T,
0 0 0 0
0 0 —cos(f —sin(f
. @ (®
0 0 —cos(@+2) —sin(d+ Z)
0 0 —cos(0+ 4 —sin(0 + %’T)_
;' 0
Bnr(0) = Br(6)
0o T;!
4
Bd,NR(O) = Bd,F(Q)
0o T;!

Finally, the state-space model is averaged to give the LTI system model used for controller design

AXNR = ANRAXNR + BNrAUNR + Bd,NRAud (4.8)

where each matrix is averaged over N azimuth angles ; similar to that of Eq. (2.6).

Since (ANr, Bngr) is controllable and assuming that all the states are available through mea-
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surement, a nominal feedback control law can be designed as Auxyg = —KAxng. Linear quadratic
regulator (LQR) theory was used to obtain the optimal static gain matrix that minimizes the

following cost function

J(Auxg) = / (AxkrQAXNR + AufrRAuNg) dt (4.9)
0

In this work, the quadratic cost function was defined using the weighting matrices of Q = diag([12,

0.5,0.5,0.5,0.5,0.1,0.1,0.1]) and R = diag([75, 150, 150)).

All eigenvalues of the designed closed-loop system (i.e., eig(Anxgr — BnrK)) are in the left-hand
side of the imaginary axis, as shown in Fig. 4.5. Because the controller is to be implemented on
a WT with flexible blades, drivetrain, and tower, it is important to ensure that all of the closed-
loop eigenvalues of the higher-order system under the designed feedback law are also in the stable
region. To do so, the previously described linearization, transformation, and averaging process was
repeated on a WT model with full flexibility (i.e., all of the 16 available DOFs were activated)
resulting in a 32-state LTI state-space equation. The designed feedback gains K were then applied
on the eight states of Axnygr while no feedback was applied on the remaining 24 states. As shown
in Fig. 4.5, the actual closed-loop eigenvalues are in some distance from the designed locations.

Nonetheless, there is no unstable pole in the actual higher-order closed-loop system.

The output equation in the nonrotating frame can also be obtained through FAST linearization,

MBC transformation, and averaging process to provide the LTI form as
T
AyNg = {Ae AMy AM,y AMq} = CnrAXNR + DnrAung + DgnrAug (4.10)

The impacts of wind disturbances, in terms of variation in lateral wind velocity AV, and inflow
angle A¢, on the blade OOP loads across the frequencies appropriately investigated using FAST are
depicted in Fig. 4.6. In general, the designed closed-loop system mitigate the three components of
the blade loads amidst these disturbances. In particular, substantial mitigation occurs for frequency

components of 0.1 Hz and above.

The output of the nominal feedback control is gain-scheduled to compensate for the nonlinear

WT aerodynamics. A gain-scheduling scheme was implemented following the method in [60], which
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Figure 4.5: Designed closed-loop eigenvalues based on lower-order WT model (4 DOFs) and
actual closed-loop eigenvalues based on fully flexible WT model (16 DOFs).

is shown in Fig. 4.7. The gain-scheduled individual pitch angle is defined as

B8F = Ga(B3:)bi (4.11)
where
Galfi) !
2\Pi) = ————
1+ 31;21111

with 11 = 6.6° and ¥y = 23.5° respectively referring to the nominal pitch angles at the rated and

cut-out wind velocities.

In the case of turbulent winds, the instantaneous wind velocity can drop to below the rated
wind velocity for a while before coming back to the above the rated wind velocity. This occasionally
results in windup as the blade pitch angle has a lower limit of 0°. Anti windup is therefore designed
and implemented following the back-calculation scheme for the baseline CPC, the output of which
is added to the measured rotor azimuth angle (i.e., integral of the rotor speed) to make up for the

first WT state. The scheme is depicted in Fig. 4.8.
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Figure 4.6: Bode plots from the disturbances to the components of blade-root OOP bending
moment under the designed MIMO IPC.

4.5 Simulation Results

The simulations were conducted using turbulent winds with various mean wind velocities and
turbulence intensities. The length of each simulation is 700-second, out of which the first 100-second
was reserved for the simulation startups. For each controller, five mean wind velocities within the
region 3 operation with turbulence class C were considered. Also, two other different turbulence

intensities were evaluated at the mean wind velocity of 18 m/s. Another turbulence intensity of 5%,
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Figure 4.8: Back-calculation scheme for the proposed controller.

which is lower than that of class C, was considered to verify the control performance at relatively
steady winds. Six different turbulence seeds were used for each case, resulting in a total number
of 42 simulations for each of the tested control schemes. In simulating the WT loads using FAST,
the mean wind direction is zero and the WT model considered all structural flexibilities, except for
the yaw DOF.

Based on Fig. 4.4, two control schemes based on the baseline CPC were tested for 18 m/s
(C), 20 m/s (C), and 22 m/s (C). One was without misalignment and another was at a fixed

yaw misalignment angle of —5° for the lowest blade OOP load. For the case of 18 m/s (5%), the
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optimum yaw misalignment angle is —15°. The baseline CPC for the turbulence cases of 14 m/s
(C), 16 m/s (C) and 18 m/s (A) were only tested without misalignment because of the nonexistence
of optimum yaw misalignment angle besides 0°.

Relative performance among the controllers is compared in terms of speed regulation and struc-
tural loads. The speed regulation, which is directly related to power regulation, is compared using
the RMS and maximum value of the generator speed error from its rated speed. The structural
loads are represented by the DELs of the blade-root OOP and IP bending moments of the first
blade as well as the tower-base FA and side-to-side SS bending moments. Notched boxplot for each
performance metric is again plotted side by side for graphical comparison to highlight the difference

among the data groups.

4.5.1 Speed regulation

In order to standardize the comparison, the baseline CPC without misalignment, baseline IPC, and
MIMO IPC were tuned to achieve similar RMS generator speed error at 18 m/s (C), as verified
in Fig. 4.9. This resulted in PI gains of Kp = 1.53 and K; = 0.78 for the baseline CPC, which
were maintained for the case of baseline CPC with the optimum yaw misalignment angle. Since
the baseline CPC without misalignment is treated as the benchmark, all performance metrics were
normalized with respect to the median of the corresponding metric of the baseline CPC without
misalignment at 18 m/s (C).

The RMS generator speed errors of all controllers are compared in Fig. 4.9. Having similar
design that governs the W'T speed, the baseline CPC and IPC share similar RMS speed error
response. The baseline IPC yields slightly higher mean and variation in RMS speed error due
to occasional saturations of the pitch actuators, attributed to the additional pitch demands by
the blade load controller. The RMS speed error response of the proposed MIMO IPC improves
as the mean wind velocity increases, while the speed variation is the highest at the lowest mean
wind velocities of 14 m/s (C). This phenomenon, in which a full-state feedback controller yields
deterioration in speed regulation as the wind velocity approaches the rated speed, is consistent with
the one observed in Fig. 3.8(a) and has also been reported in [5]. Nonetheless, in term of the RMS
generator speed errors, all controllers perform similarly.

Higher turbulence intensity, represented by 18 m/s (A), understandably causes higher RMS
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Figure 4.9: Comparison of the controllers in term of RMS generator speed error at various
(a) mean wind velocities and (b) turbulence intensities.
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Figure 4.10: Comparison of the controllers in term of maximum generator speed error at various
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speed errors, as shown in Fig. 4.9(b). At this condition, the occurrence of actuator saturations
attributed to the baseline IPC is more prominent, resulting in higher RMS speed error. Nonetheless,
there is no significant difference among the controllers across the turbulence intensities, except at
the lowest turbulence intensity where the RMS speed error of the proposed MIMO IPC is the lowest
while that of the baseline CPC with large enough optimum yaw misalignment angle (i.e., —15°) is
the highest.

The maximum generator speed errors are compared in Fig. 4.10 because W'T overspeeding is
undesirable. While there is no statistically significant difference among the controllers, it can be
seen at 18 m/s (5%) that misaligning the WT to a large degree can deteriorate the speed (and
power) regulation and in most of the simulated conditions the proposed controller is the one least

likely to overspeed the WT.

4.5.2 Structural loads
Blade loads

Both the baseline and proposed IPCs are designed to mitigate the blade OOP bending moments.
Therefore, the OOP bending moments of the first blade are compared in Fig. 4.11. The proposed
MIMO controller consistently yields the lowest blade OOP loads across all simulated mean wind
velocities and turbulence intensities. In terms of the mean DEL, this improvement as compared
with the baseline CPC without misalignment was found to be at least 31.54% at 18 m/s (A) and at
most 42.03% at 20 m/s (C). Although the mean blade OOP loads of the baseline IPC are always
lower than that of the baseline CPC, the improvements are not statistically significant except at the
lowest mean wind velocity of 14 m/s (C) and lowest turbulence intensity of 18 m/s (5%), where the
baseline IPC in average yields 8.3% and 28.97% lower blade OOP loads, respectively. Further, the
blade OOP loads of the baseline IPC has higher variation at higher turbulence intensity of 18 m/s
(A), which indicates that volatile wind variations can deteriorate the performance of the baseline
IPC. A similar trend can be observed when yaw misalignment angle is introduced, where despite
yielding lower mean blade OOP loads than those of without misalignment, the improvements are
less significant as turbulence intensity increases. Even at low turbulence intensity, the intentional

yaw misalignment does not outperform the baseline IPC.
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Figure 4.11: Comparison of the DEL of blade-root OOP bending moment of blade 1 at various
(a) mean wind velocities and (b) turbulence intensities.
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Figure 4.13: Power spectral density (in Nm) of a blade OOP load at 18 m/s (5%) around the WT
rotational speed.

The contribution of each control scheme on the blade OOP load mitigation can further be
appreciated by looking into the power spectral density of the blade OOP load. As a representation,
the resulting blade OOP load of a turbulence sample of 18 m/s (5%) are shown in Figs. 4.12 and
4.13. As expected, the baseline IPC removes the blade OOP load component at the WT rotational
speed of 0.2 Hz (i.e., at about 12 RPM). The baseline CPC with intentional yaw misalignment and
proposed MIMO IPC also reduce the load component at this frequency, with the former performing
better than the latter. Nevertheless, the major contribution of the proposed controller to blade
load mitigation is in the broad attenuation of frequency components starting from about 0.1 Hz.
These frequency components are attributed to turbulence (i.e., variation in wind velocity and
inflow angle), which are not properly accommodated by the baseline controllers but satisfactorily

attenuated by the proposed controller, as illustrated earlier in Fig. 4.6.

The blade IP loads are not affected by the vertical wind shear. Nonetheless, to ensure that
the blade OOP load mitigation of the proposed IPC does not sacrifice another component of the
blade loads, the IP loads of the first blade from all controllers are compared in Fig. 4.14. It shows
that for the baseline CPC without misalignment, the mean blade IP loads increase as the mean

wind velocity and turbulence intensity increase. Other controllers do not follow the trend while



4.5. Simulation Results

99

Figure 4.14

Normalized DEL of blade-
root IP bending moment

Normalized DEL of blade-
root IP bending moment

1 1 — 1 ===
099 s=¢ + . 1099 0.99
= +
0.98 = 0.98 == | 098 =
* -
0.97 0.97 0.7 _
0.96
0.96 0.96 '
CPC CPC IPC MIMO IPC
CPC IPC MIMO IPC CPC IPC MIMO IPC at at at at
at 0 deg at 0 deg at 0 deg at 0 deg at 0 deg at 0 deg 0deg -5 deg 0deg 0 deg
14 m/s (C) 16 m/s (C) 18 m/s (C)
J -
§ £1.02 102} ™=
25 =
S £
o 1 1
w <
ch
280098 = 0.98 =
=0
T =
£ =
5 806 = 0.96 =
CPC CPC IPC MIMO IPC CPC CPC IPC  MIMO IPC
at at at at at at at at
Odeg -5deg Odeg Odeg Odeg -5deg Odeg 0 deg
20 m/s (C) 22 m/s (C)
(a)
0.99 vmme 1l === 1.02 -
X
0.99 1.01 o
0.97
= 10098 = 1
0.96 g_
0.97 0.99
0.95 = i
: == = 8 g
CPC CPC IPC MIMO IPC 0.96 CPC CPC IPC MIMO IPC
at at at at at at at at CPC IPC MIMO IPC
Odeg -15deg Odeg O0deg 0 deg -5 deg 0 deg 0 deg at 0 deg at 0 deg at 0 deg
18 m/s (5%) 18 m/s (C) 18 m/s (A)

: Comparison of the DEL of blade-root IP bending moment of blade 1 at various (a)

(b)

mean wind velocities and (b) turbulence intensities.



60 Chapter 4. Pitch Controller to Mitigate Load considering Yaw Misalignment

resulting in lower blade IP loads. The baseline IPC consistently yields the lowest blade IP loads
across the simulated mean wind velocities and turbulence intensities, with the best mitigation of
5.37% compared with the baseline CPC at 22 m/s (C). The power spectral density of this load due
to all controllers are identical and hence not shown.

Based on the significant improvements in the blade OOP loads and comparable performances in
the blade IP loads with respect to the baseline IPC, it can be concluded that the proposed MIMO

IPC yields superior performance in mitigating the overall blade loads.

Tower loads

Although the tower dynamics were not considered during the design of the controllers, the WT
tower is an integral and important component affecting the overall WT performance and effective
lifetime. Further, comparing the resulting tower load can give more insights into the comparative
performance of each controller.

The FA bending moments at the tower-base of all controllers are compared in Fig. 4.15. For all
controllers, the mean tower FA loads increase as the mean wind velocity and turbulence intensity
increase. Nonetheless, the proposed controller consistently yields the lowest tower FA loads across
all simulated mean wind velocities and turbulence intensities. The improvement, as compared with
the baseline CPC without misalignment, in terms of the mean DEL, is at least 35.32% at 22 m/s
(C). It further improves up to 44.97% as the mean wind velocity decreases to 14 m/s (C). The
baseline IPC and CPC with misalignment always yield higher mean tower FA loads than that of
the baseline CPC without misalignment even though the differences are not statistically significant.

The power spectral density of the tower FA load of a turbulence sample of 18 m/s (C) are
shown in Fig. 4.16. Consistent with the findings in Fig. 4.15, the spectral density of the three
control schemes are identical with prominent peaks at around 0.15 Hz and 0.324 Hz, attributed to
turbulence and the tower FA mode [17], respectively, with the baseline IPC yielding higher peaks
at the latter mode. Comparing Fig. 4.15 with Fig. 4.6 and observing that the peaks of the tower
load get attenuated as they are within the blade load mitigation region of the MIMO IPC suggest
a strong disturbance rejection property of the proposed controller.

The SS bending moments at the tower-base of all controllers are compared in Fig. 4.17. For all

controllers, the mean tower SS loads increase as the mean wind velocity and turbulence intensity
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Figure 4.18: Power spectral density (in Nm) of a tower-base SS load at 20 m/s (C).

increase. Both baseline and proposed IPCs result in lower tower SS loads with no significant
difference between the two while the intentional yaw misalignment increases this load. Consistent
with the findings, the power spectral density of the tower SS load of a turbulence sample of 20 m/s
(C) around the tower SS mode of 0.312 Hz [17] is shown in Fig. 4.18.

4.6 Chapter Conclusions

So far, the pitch controller designs in research and industry have not considered any yaw misalign-
ment. However, it has been have shown that yaw misalignment can yield significant reduction
in blade moment variations caused by wind shear. This chapter proposes an LQR-based MIMO
IPC design considering a WT model linearized at a yawed inflow condition. The proposed IPC is
decoupled from the yaw controller; thus, allowing implementation of conventional yaw controllers
that aim to align the WT with the wind. Performance of the controller is compared with that of the
baseline CPC and IPC through simulations under various turbulent wind conditions. The results
show that compared with the baseline CPC, the proposed controller is shown to contribute at least
a 31.54% reduction in the blade out-of-plane fatigue load, a 35.32% reduction in the tower fore-aft
fatigue load, and a 29.80% reduction in the tower side-to-side fatigue load. Therefore, the proposed

controller design can bring benefits in increasing the reliability of the overall WT components.



Chapter 5

Torsional Models of Wind Turbine Drivetrain

5.1 Introduction

It has been shown so far throughout this thesis that aeroelastic tools, such as FAST, are capable
to model and simulate the dynamics of WTs in response to different wind fields and controller
designs. While high-order models are used to represent the dynamics of the WT blades and tower,
the drivetrain model of FAST, and of other aeroelastic tools [61,62], is a simplified two-DOF model
shown in Fig. 3.1, which results in restricted detail in describing various configurations and complex
dynamic behaviors of different drivetrain designs. Although dynamic models for WT drivetrains
have been developed with various levels of fidelity [63-72], they do not provide direct insights on
the dynamic interactions between the drivetrain and other components of the WT. Recent studies
in [71,72] take a decoupled approach in which the global WT response was first simulated using
an aeroelastic tool. Afterwards, the resulting loads and motion trajectories of the WT rotor as
well as the nacelle were used as inputs to a high-fidelity model of the drivetrain to simulate its
internal dynamic behavior. In such a way, the decoupled approach fails to capture the influence of
the drivetrain dynamics onto the overall WT response.

Three torsional models of WT drivetrain are discussed in this chapter, one of which is the most
basic two-mass model while the other two are developed using the Simscape/SimDriveline [73] with
higher-fidelity to better capture the internal dynamics of the gearbox. All models are based on
lumped parameter approach that models a mechanical system as concentrated masses, springs,
dampers, and point forces or torques. Each mass is characterized by finite number of degrees of
freedom. Only the torsional degree of freedom is considered in this chapter. Thus, each shaft is

modeled as an ideal massless torsional spring and each gear is modeled as an inertial body. In this
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chapter, the model with the highest fidelity is integrated with FAST in the Simulink environment to

investigate the dynamic response of a WT drivetrain under aerodynamic and electrical excitations.

5.2 Model Overview

The WT modeled in this part of the thesis is based on the 750-kW GRC WT summarized in Table
2.2. The WT was originally equipped with two fixed-speed (i.e., type 1) generators. To model
the variable-speed operation of region 2 operation for maximum energy capture, the generator
is modeled using a DFIG (i.e., type 3 generator). The induction generator model is based on a
commercial WT of the same rating available in the market. The models of the generator and
converters were built using the Simscape/SimPowerSystems based on the properties detailed in
Table 5.1 following the models in [74]. An average model of the AC/DC/AC converter can be used
to analyse the electromechanical interaction because the mechanical components of the drivetrain
have much slower dynamics than the power electronics. In an average model, the power electronics

components were replaced by controlled current sources [75].

Table 5.1: Parameters of the 750-kW DFIG

Generator
Line-line voltage (RMS) 690 V
Frequency, number of pole pairs 60 Hz, 2
Stator resistance, leakage inductance (pu) 0.016, 0.06
Rotor resistance, leakage inductance, both referred to stator (pu) | 0.016, 0.06
Magnetizing inductance (pu) 2.56
Inertia constant (s) 2
Converter
Converter maximum power (pu) 0.5
Grid side coupling inductance, reactance (pu) 0.15, 0.0015
Nominal DC bus voltage 1200 V
DC bus capacitor 0.1F

For wind velocities below 12.5 m/s, which is the rated wind velocity of the GRC WT), the
output power of the generator is controlled to track the maximum power coefficient (Cp,,,, ) while

maintaining constant pitch angle at its optimum aerodynamic efficiency of —3.5°.
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Figure 5.1: Five-mass model of WT drivetrain built in Simscape/SimDriveline.

Table 5.2: Parameters of GRC Drivetrain

Stiffnesses [Nm/rad] | Inertias [kg m?]
krss 3.69 x 107 | Jyoy | 998138.4
kis, = k1 | 2.45 x 10" | Jpc 116.72
kis, = ko | 2.70 x 108 | Jp 3.32
kuss 2.08 x 10° | Jo 106.76
Eplanet-ring | 5-86 x 107 | Jg 1.02
Eplanet-sun | 5-86 x 107 | Jg, 31.72
kp, 5.23 x 107 | Jg, 0.4
kp, 1.72 x 107 | Jg, 3.42
Gear ratios Ja, 0.08
Ny 5.714 | Jgen 39
Ny 3.565
N3 4

5.3 Five-mass Model of Drivetrain

Figure 2.13(b) shows the building blocks of the modular drivetrain commonly used in operating
WTs [63]. In GRC WT, the multistage gearbox consists of a planetary (epicyclic) gear stage and

two parallel gear stages, with two intermediate shafts.

Figure 5.1 shows the five-mass model of GRC WT drivetrain, developed in the Simscape/
SimDriveline environment. The five inertial bodies (i.e. the masses) represent the rotor, gears, and
generator. This model considers rigid gearbox. In other words, the gearbox is assumed to have
static transmission across the gear sets, defined by each gear ratio. The mechanical parameters are

listed in Table 5.2.

A fixed-speed induction generator has an electrical torsional stiffness kgen between the air gap
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magnetic field and the generator rotor. This stiffness behaves as a spring to the inertial reference
frame of the drivetrain, which provides a restoring torque to the rest of the drivetrain. Such stiffness
arises because of tight allowable speed variation in this type of generator. Effects of this stiffness
are prominent in the transient response of the generator (e.g., during startup). For a variable-speed
generator, this restoring effect does not exist, and the drivetrain model shown in Fig. 5.1 will have

a free boundary condition on the other side of the generator.

5.4 Two-mass Model of Drivetrain

Figure 3.1 has shown the configuration of the two-mass model commonly used to model the dy-

namics of the drivetrains in WT aeroelastic tools, such as FAST [12]. Inputs into the model are the

Jeff
N2~

five parameters: Jiot, Kefr, Coff, IN, and The generator electrical torsional stiffness is generally
not required in FAST because this stiffness is inherent to the generator model used for the analysis.

Parameters of the two-mass model can be derived from the five-mass model as follows

Jeft = Jpc + Nt (Js + Jay + N3 (Jay + Jay + Ni (Jay + Jgen))) (5.1)
1 1 1 1 1

ket krss  Nfki  (NyN2)?ky  (Ny1NaN3)? kuss 52
N = NiNyN3 (5.3)

The effective drivetrain torsional damping, c.g, can be determined experimentally through several
braking events [63].

The two-mass model cannot represent the different possible drivetrain configurations because
the rest of the drivetrain is represented by one spring and one mass. As presented later in this
chapter, this model has limitations in providing insights on possible resonant excitations of the

drivetrain as well as in analyzing the loads experienced by each of the drivetrain components.

5.5 Pure Torsional Model of Gearbox with Constant Meshing Stiffness

In the previously described drivetrain models, the meshing gear is modeled as an ideal static gain

for mechanical power (i.e., torque and speed) transmission. In reality, the gear transmission error,
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Figure 5.2: (a) Parallel gear stage, (b) dynamic model representation, and
(c) model representation in Simscape/SimDriveline.

which is defined as the difference between the actual and ideal angular positions of the rotating
gear, resulted mainly due to the gear elastic deformation, contributes to the dynamics of the pair
meshing gear. This phenomenon contributes to the definition of gear meshing stiffness. This
chapter introduces the application of a purely torsional model of WT drivetrain with constant gear

meshing stiffness. This section described the model development and analysis on both planetary

and parallel gear stages.

5.5.1 Parallel Gear Stage

Figure 5.2(a) shows a parallel gear set, which is a torque reducer, commonly employed in WT
drivetrains. Figure 5.2(b) represents its flexible equivalent, in which the meshing stiffness acts on
the line of action of the meshing gears. The constant meshing stiffness kpesn, with respect to the
input gear, can be represented as the function of geometric and material properties of the input
gear [76]:

kmesh = kgear (75, cOS ) (5.4)

where 7y, is the base circle radius of the input gear and + is the helical angle of the gears. The gear

tooth stiffness kgear can be determined according to international standards, such as DIN 3990 [77]

and ISO 6336 [78].
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5.5.2 Planetary Gear Stage

Figure 5.3 shows a planetary gear set with three planet gears, which is a similar configuration to the
one installed in the GRC WT. The rotational input is from the carrier of the planetary gear stage,
which provides rotational motion through the planet gears, and finally to the sun gear. The ring gear
is modeled to have flexible coupling with the fixed gear housing. The flexibility between the meshing
planet and ring gears and between the meshing planet and sun gears can be modeled similar to that
of a parallel gear set shown in Fig. 5.2(b) based on Eq. (5.4). Figure 5.4 shows a schematic diagram
of the torsional model of the planetary gear set built in the Simscape/SimDriveline environment.

This model can be adapted for planetary gear sets with equispaced M planet gears.

5.6 Eigenfrequency Analysis and Validations

Figenfrequencies of a system can be found either analytically or numerically. Equations of motion
of a WT drivetrain are used to analytically compute the eigenfrequencies in [69,79]. However, this
approach becomes inconvenient as the order of the dynamic model increases. The developed drive-
train model in SimDriveline allows the usage of MATLAB/Simulink basic packages to numerically
estimate the eigenfrequencies.

The resulting eigenfrequencies were validated at both component level (i.e., the gearbox) and
integrated drivetrain level. The eigenfrequencies of planetary gear sets were validated against those
published in [76], while those of the overall GRC drivetrain were validated against the results from

field measurements.

5.6.1 Eigenfrequencies of Purely Torsional Gearbox Model

While some works have reported experimental measurements of gearbox eigenfrequencies [64,80], it
is difficult to justifiably replicate the results because the mechanical properties of those gearboxes
are not publicly available. Thus, to validate the developed purely torsional gearbox, eigenfrequen-
cies of the SimDriveline gear set models are compared with those reported in [76].

It is important to note that the gear parameters used in the component-level validation in this
subsection is based on the ones originally used in [81], which are different from the ones implemented

in the GRC drivetrain. Eigenfrequencies of this planetary gear set have been evaluated in other
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Figure 5.6: FRF of three-planet planetary gear stage for the gearbox presented in [75].

published works [76,82-85]. Particularly in [76], the analysis was performed on the planetary gear
sets with different numbers of planet gears.

Estimating the eigenfrequencies using the SimDriveline models was done by first defining the
excitation input and the output to be monitored. For analysis and verification, the input for the
gearbox model was the torque to the carrier, while the output was the angular velocity of the
sun gear as illustrated in Fig. 5.5. Based on the input-output configuration, MATLAB/Simulink
Control System Toolbox was used to compute the linear state-space representation of the model,
frequency response function (FRF) of which has been used to indicate the eigenfrequencies. Figure
5.6 shows the FRF of the planetary gear set that has three planet gears, where the sharp peaks
correspond to the response amplifications at the gearbox eigenfrequencies. The comparisons for
different numbers of planet gears show good agreement with results presented in [76] and are

summarized in Table 5.3.
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Table 5.3: Comparisons with Eigenfrequencies Reported in [75]

| Mode | SimDriveline Model | Peeters [75] | Difference |

3 Planet Gears, M = 3

1 2.273 kHz 2.217 kHz 2.53 %

6.340 kHz 6.159 kHz 2.94 %

3 11.296 kHz 11.205 kHz 0.81 %
4 Planet Gears, M =4

1 2.207 kHz 2.138 kHz 3.23 %

6.911 kHz 6.688 kHz 3.33 %

3 12.699 kHz 12.577 kHz 0.97 %
5 Planet Gears, M =5

1 2.153 kHz 2.059 kHz 4.57 %

7.403 kHz 7.105 kHz 4.19 %

3 13.980 kHz 13.810 kHz 1.23 %

5.6.2 Eigenfrequencies of Overall Drivetrain Model

Ultimately, all necessary component models, including the purely torsional gearbox model discussed
earlier, were integrated and the parameters in Table 5.2 were set to build the overall GRC drivetrain
model. Eigenfrequency analysis for the drivetrain was performed with the torque to the WT rotor as
the input and the angular position of the generator as the output. The resulting eigenfrequencies are
compared herein with the frequency components of several measured drivetrain transient responses
[71]. The GRC WT was equipped with torque transducer to measure the operating drivetrain loads.
Due to the limited sampling rate of 100 Hz, the measured response can only be used to validate
the first drivetrain eigenfrequency.

The first two transient responses shown in Figs. 5.7 and 5.8 are attributed to the generator.
Hence, the analysis on the overall drivetrain model included the electrical torsional stiffness. Ta-
ble 5.4 summarizes the drivetrain eigenfrequencies both with and without the electrical torsional
stiffness. Figure 5.7 shows the torque measured on the LSS (i.e., the rotor opposing torque) during
a generator startup at t = 57 s. Before the generator is connected to the grid, the turbine is
accelerated by the aerodynamic torque while there is no opposing torque from the generator. The
dotted box highlights the transient response oscillating at the drivetrain eigenfrequencies, which is
revealed to be around 0.78 Hz. Figure 5.8 shows another transient response when the drivetrain was
upshifted to a higher-speed generator. It reveals an eigenfrequency of 0.68 Hz. These two frequency

readings are very close to the one calculated from the SimDriveline model, which is 0.84 Hz. The
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Figure 5.7: Transient rotor speed and torque from field measurements during generator startup.

Table 5.4: Eigenfrequencies of GRC Drivetrain with Torsional Gearbox Model

Mode | With Electrical Stiffness ‘ Without Electrical Stiffness

1 0.84 Hz 0 Hz
4.62 Hz 1.83 Hz

154 Hz

307 Hz

353 Hz

748 Hz

1020 Hz

1530 Hz

QOO O | W[ N

second mode of 4.62 Hz was not apparent in the field measurements due to two possible reasons.
Firstly, the energy stored in the second torsional mode is much smaller than that stored in the first
one. Secondly, the second mode is attributed to the HSS. As discussed in the following section,
excitations from the HSS get attenuated at the LSS side; thus, it may not appear as a dominant
component in a measurement that contains noise. The experimental setup did not implement any

torque measurements at the HSS.
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Figure 5.8: Transient rotor speed and torque from field measurements during generator upshift.
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Figure 5.9: Transient rotor speed and torque from field measurements during braking event.
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Figure 5.9 shows a transient response in an event of drivetrain braking, during the generator
had already been disconnected from the grid. Thus, there is neither opposing torque from the
generator and nor influence from the electrical torsional stiffness. In this event, a braking torque
was applied mechanically at ¢ = 26 s through the disc brake to put the WT into a complete stop
after the WT was being decelerated by the blade tip brakes. The frequency decomposition of the
transient rotor opposing torque reveals a frequency of 1.76 Hz, which is close to an eigenfrequency
of 1.83 Hz predicted from the SimDriveline model. These results illustrate the validity of the
SimDriveline model to predict the eigenfrequencies of both an independent gearbox and integrated

WT drivetrain.

If the overall drivetrain is simplified to a two-mass model, the only nonzero eigenfrequency can

be calculated using the parameters of Egs. (5.1) - (5.3) as:

1 1 1
n = —1/ ke 5.5
f 2 i <<]rot * Jeff) ( )

The resulting eigenfrequency using the two-mass model for the GRC drivetrain is 2.32 Hz, which
is quite different from the first nonzero drivetrain eigenfrequency of 1.83 Hz predicted earlier. This

discrepancy can create a significant difference in predicting the loads experienced by the drivetrain.

5.7 Model Integration with FAST

Figure 5.10 illustrates the proposed strategy to integrate the described drivetrain models into the
inherent two-mass model of FAST. For simplicity, the flexible modes of the other WT components
modeled inside FAST, such as those of the blades and tower, are not depicted in the schematic
diagram in Fig. 5.10.

The inherent two-mass drivetrain model of FAST is reduced to a single-mass model consisting
of solely the rotor and the rigid shaft, as shown in the bottom part of Fig. 5.10. This is done
by deactivating the flexibility of the drivetrain simulating rigid transmission and setting the gear
ratio and the generator inertia to unity and zero, respectively. The rotor equation of motion can

be expressed as

JrotQrot = Qaero - Qopp (56)
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Figure 5.10: Integration of the SimDriveline drivetrain model with FAST.

FAST internally calculates the input aerodynamic torque @Qaero from the defined wind profile,
but does not provide this torque as an output. However, as the rotor acceleration ayqt is an available
FAST output, the aerodynamic torque can be reconstructed using Eq. (5.6) to be one of the inputs
to the drivetrain model in SimDriveline. In this process, the rotor inertia is assumed constant and
replicated inside the SimDriveline drivetrain model. The rotor inertia body is connected to the rest
of the drivetrain model through the flexible LSS, the purely torsional gearbox model with constant
gear meshing stiffness, the flexible HSS, and the generator inertia. Another end of the drivetrain
model is connected to the DFIG model, built using the Simscape/SimPowerSystems, which takes
rotational speed as input and provides the electromagnetic torque as another input to the drivetrain

model.

The rotor opposing torque Qopp is required as an input to the FAST drivetrain model as well
as to calculate the aerodynamic torque in Eq. (5.6). In SimDriveline, this rotor-opposing torque
can be retrieved by utilizing the torque sensor element behind the built rotor body. In general,
torque, velocity, and angular-position sensor elements can be placed flexibly within the Simscape

drivetrain model to monitor the response of the drivetrain under various load conditions.
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Figure 5.11: Rotor speed response at wind velocity of 7.25 m/s.
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Figure 5.12: Transient response comparison of the rotor torque.

5.8 Simulation Results

Simulations in MATLAB/Simulink environment were performed to illustrate the effectiveness of
the integrated torsional model of the gearbox (GB) model under different transient load cases. In
the simulations, all available WT flexible modes in FAST, including that of the blades, tower, and
drivetrain, were activated. Zero damping is defined within the drivetrain model to highlight the
transient response of the drivetrain. Aerodynamic damping computed within FAST was the only
source of damping that stabilizes the overall drivetrain response. The results are compared with

those of an undamped two-mass model of the drivetrain inherent in FAST.
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Figure 5.13: Steady-state response comparison of the rotor torque.

5.8.1 Transient Response due to Wind Excitation

The simulation was performed under a constant wind velocity of 7.25 m/s (i.e., below the rated
wind velocity), and the WT rotor speed was initialized to be 17.9 RPM. The start of simulation
effectively imparts a large step input to the system that can excite all of the drivetrain modes,

especially during the transient period.

Figure 5.11 shows the WT rotor speed using the integrated drivetrain model as well as the
inherent FAST two-mass model. The rotor speed steadily increases to reach the optimal TSR.
Both models are in good agreement in the speed response of the GRC WT. Figure 5.12 is the
transient response comparison of the rotor torque of the two models. It reveals the excitation of

the high-eigenfrequency components coming from the high-fidelity drivetrain/gearbox model.

Figure 5.13 highlights the distinction between the two models in predicting the steady-state
load response of the drivetrain. It also shows that the integrated model is able to capture dynamic
coupling from other parts of the WT structures. The frequency of 0.4 Hz comes from the tower FA
mode, whereas the frequency of 0.9 Hz and its harmonics come from the blade-pass frequency. The
blade-pass frequency excitation occurs due to the aerodynamic interaction each time a blade-passes

in front of the tower (i.e., the tower shadow effect). The " harmonic of blade-pass frequency is
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dependent on the rotor rotational frequency frot-

fb,’i = imfroty i = 17 27 37 s (57)

where m is the number of blades (i.e., m = 3 for the GRC WT). The nominal of the blade-pass
frequency excitation is often represented as 3P, referring that it occurs 3 times within a full rotation
of the WT rotor .

The response of the drivetrain model with the purely torsional gearbox is particularly high at
two times the blade-pass frequency (i.e., 6P) of 1.8 Hz because it is very close to the estimated first
eigenfrequency of 1.83 Hz. Thus, it predicts amplification of load caused by resonance at the wind
velocity of 7.25 m/s. On the other hand, the two-mass drivetrain model estimates an eigenfrequency
of 2.32 Hz, which is at some distance from the harmonics of the blade-pass frequency, and hence

predicts no resonance.

5.8.2 Transient Response Resulting From Grid Excitation

Another transient load can arise due to excitations from the grid events. One example of grid
excitation was simulated to predict the loads on the gearbox. A drop in the grid voltage for 0.15
second, from 100% to 90% and back to 100% of the nominal RMS voltage, was simulated after the
WT had reached steady-state.

As shown in Fig. 5.15, this voltage drop results in harmonic torque excitations to the drive-
train with frequencies of 50.78 Hz and 56.15 Hz. These frequencies are inherent to the generator
characteristic. It is important to note that the frequency component of this torque excitation may
cause resonances if the frequency matches any of the drivetrain eigenfrequencies. These resonances
cannot be predicted using the standard two-mass model because the two-mass model can predict
only the lowest eigenfrequency of the drivetrain.

Figure 5.15 illustrates how this load gets transmitted to each stage of the multistage gearbox.
The torque through each shaft, except the LSS, is shown in both time and frequency domains.
The HSS experiences the largest proportion of high-frequency loads caused by grid excitations
compared to other shafts. Therefore, this shaft and the gear set directly connected to it are most

prone to failures from fatigue in the event of grid disturbances. Sudden increases in the generator
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electromagnetic torque excite the two lowest and most dominant modes of the drivetrain (i.e., 1.83
Hz and 154 Hz). This torque also excites the system at its excitation frequencies of 50.78 Hz and
56.15 Hz, but with less dominant effect than at the eigenfrequencies. The transmitted loads are
reduced as the shaft gets further from the source of excitation, but the most dominant drivetrain

eigenfrequency of 1.83 Hz prevails during the transient regime.

The developed high-fidelity drivetrain model can also be used in designing the drivetrain com-
ponents to preserve or extend the life of the gearbox. In simulation analysis, this HSS stiffness was
varied to 0.1 and 10 times of the nominal value to investigate its influence on the load transmitted
to the gearbox. In practice, the generator and gearbox HSS are often connected through a mechan-
ical coupler to provide for misalignment of the shafts. However, this coupler reduces the effective
stiffness between the generator and the gearbox. Higher stiffness can be achieved by reducing the

length of the HSS.

The transmitted loads through the HSS to the gearbox were evaluated and shown in Fig.
5.16. A lower stiffness (i.e., using coupler) appears to transmit more severe loads to the gearbox.
This phenomenon is a result of reduction in the second drivetrain eigenfrequency due to the lower
stiffness and vice versa, as shown in Fig. 18. The transmitted load gets amplified as the second

eigenfrequency is brought down to 92.8 Hz, which is close to the second harmonics of the generator
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electromagnetic torque frequencies (i.e., resonance).

5.9 Chapter Conclusions

In this chapter, the capability of the FAST aeroelastic tool is enhanced through integration of a
dynamic model of a WT drivetrain built using Simscape in the MATLAB/Simulink environment.
The integration of the developed drivetrain model enables FAST to be used in a number of ways.
First, the model can be simulated under different wind and grid conditions to yield further in-
sight into the drivetrain dynamics, especially in terms of predicting possible resonance excitations.
Second, the integrated model can be used to simulate and understand transient loads and their
couplings across the drivetrain components. Third, the model can be used to design the various

flexible components of the drivetrain such that transmitted loads onto the gearbox can be reduced.






Chapter 6

Torque Controller to Mitigate Load due to Resonance

6.1 Introduction

The discussions in the previous chapter highlight the presence of resonance loads at certain op-
erating conditions. This chapter proposes a novel controller that obviates the event of resonance
while maintaining the main objective of maximizing the energy capture in region 2 operation of
type 3 WTs. To illustrate its application, the resonance frequency of interest is the first nonzero
eigenfrequency of the drivetrain. To verify the controller capability, simulations were performed
using the integrated drivetrain model of the 750-kW GRC WT established in the previous chapter.
The performance of this novel controller is compared against a controller previously designed to

dampen the resonance.

6.2 Campbell Diagram

A source of harmonic excitation that can induce the drivetrain resonance is the blade-pass frequency
and its harmonics, represented by Eq. (5.7). Figure 6.1 shows inclined lines, which are the variation
of the blade-pass frequency and its harmonics as a function of the rotor speed. The shaded region
indicates the operational speed range of the WT. The red dotted horizontal line at 1.83 Hz indicates
the first drivetrain eigenfrequency and the intersection between this horizontal line and any of the
inclined lines indicates the occurrence of resonance at the corresponding rotor speed. Point R
highlights a resonance due to the second harmonics of the blade-pass frequency at 18.3 RPM.
The higher drivetrain eigenfrequencies will only intersect with very high harmonics of the blade-

pass frequency, which have very small excitation energy. Hence, only the first eigenfrequency is
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Figure 6.1: Campbell diagram of the GRC drivetrain with respect to the blade-pass frequency
and its harmonics.

investigated in this chapter.

6.3 Controller Designs

To prevent excessive loads due to such resonance, a novel control method, which is based on a virtual
inertia concept, is formulated. Performance of the proposed controller will be compared against a
baseline stress damper controller (SDC), which is also formulated in this section. Both controllers
aim to introduce a resonance compensating torque (Jies in the generator torque to mitigate the

resonance load

Qgen = koptwgot + Qres (6.1)

Figure 6.2 shows the control diagram of the rotor side converter of the DFIG to regulate the

ref
gen

generator torque. The reference generator torque using Eq. (6.1) can be achieved by regulating
the rotor current through the current controller, which takes measurements from both the rotor and
stator sides of the generator. Different uses of the two controllers in power converters to manipulate

the resonance compensating torque Qs are discussed as follow.
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Figure 6.3: Schematic implementation of SDC.

6.3.1 Baseline SDC

The baseline SDC was first introduced in [86] and adopted by researchers in various aspects of
WT operations [28,79,87-92]. The controller regulates the generator torque to provide additional
damping at certain frequency by feeding the generator (or rotor) speed measurement through a
band-pass filter (BPF) of a form

_ G 2Cws
824 2(ws + w?

H{(s) (6.2)

where G is the feedback gain. In this study, a narrow bandwidth of ( = 0.25 was chosen and w was
tuned to the first eigenfrequency of the drivetrain. Figure 6.3 shows the schematic implementation
of the SDC. The wrotopt is the optimum rotor speed that ensures maximum aerodynamic power

capture.
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Figure 6.4: Schematic implementation of VIC.

6.3.2 Virtual Inertia Controller (VIC)

As illustrated in Eq. (5.5), the system inertias affect the eigenfrequency of the drivetrain. The
equation of motion of the two-mass model of Fig. 3.1 with respect to the WT rotor side can be

expressed as

(Jrot + Jeff) d)rot = Qaero - NQgen (63)

where wWrot = arot is the WT rotor acceleration. By defining the generator electromagnetic torque

Qgen according to Eq. (6.1) with the resonance compensating torque as

Qres = _Ajwrot (64)

It injects additional virtual inertia AJ > 0 to the drivetrain. This is to be done only if the
drivetrain passes through its inherent resonance region. In doing so, the controller temporarily
shifts the closed-loop eigenfrequency of the system and thus avoids the resonance. Beyond the

characteristic resonance region, there is no compensating torque is required. In other words, the

2

% t» 1s kept intact during normal operation.

maximum power capture, implemented as Qgen = Koptw

Figure 6.4 shows the schematic implementation of the compensating torque Qyes of VIC. The
unity gain BPF of VIC is tuned according to Eq. (6.2). It is important to note that herein the BPF
is used to check whether there is any excitation at the frequency of interest (i.e., the first drivetrain
eigenfrequency). Logic is implemented to check the magnitude of the filter output and decide that
the system is under resonance if the magnitude exceeds certain threshold. In this chapter, hysteresis

logic is implemented to decide whether to add zero, medium, or high virtual inertia.
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Figure 6.5: Sinusoidal wind excitation at varying frequency.

6.4 Simulation Results

The simulations using the integrated GRC W'T model under different wind profiles were performed
to verify the effectiveness of the proposed VIC and to compare its performance with the baseline
SDC. They comprises three tests. The first one aims to investigate the performance of the controllers
under a wide frequency range as well as to tune both controllers to facilitate the comparison between
the two. In this first test, the simulation was performed using a hypothetical sinusoidal wind
velocity input with varying frequency. The wind velocity input has average wind velocity of 9 m/s
and amplitude of 0.5 m/s. Initialization for 50 s with constant wind velocity of 9 m/s was performed
to allow the WT to reach steady-state condition before the harmonic excitation was applied. The
frequency of excitation increases step by step from 0.6 Hz to 2.6 Hz with an increment of 0.2 Hz.
Each harmonic excitation lasts for 40 s. Figure 6.5 shows the first 120 s of this sinusoidal wind
excitation at 0.6 Hz and 0.8 Hz.

Figure 6.6 shows the transmitted torque through the drivetrain in terms of the rotor opposing
torque Qopp. The loads transmitted through other shafts within the drivetrain have similar profiles
as the one shown in Fig. 6.6. As expected, a large fluctuation in the drivetrain load occurs at
the sinusoidal wind excitation of 1.8 Hz (i.e., between 290 s and 330 s), which is close to the first
drivetrain eigenfrequency without the electrical stiffness in Table 5.4. To facilitate a fair comparison,
the gain G of SDC and the high AJ of VIC were tuned to achieve similar performance in mitigating
the loads during the resonance between 290 s and 330 s, as shown in Fig. 6.6(c). To enhance the

performance of VIC in the vicinity of resonance, a medium AJ is injected to the drivetrain. For
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Figure 6.6: Controller comparisons in terms of transmitted drivetrain load under sinusoidal wind
excitation: (a) without controller and with SDC, (b) without controller and with VIC, and (c)
with SDC and VIC.

this WT, SDC gain G is 23,000 while the medium and high AJ are 400 and 2,500, respectively.

Under the harmonic wind excitations, both controllers are shown to be effective in mitigating
the resonant loads at 1.8 Hz. However, the SDC is shown to induce additional load at another
frequency location of 1.4 Hz (i.e., between 210 s and 250 s), which is the damped natural frequency.
This is a major drawback as the drivetrain load at this condition becomes larger than that of
without any controller, as shown in Fig. 6.6(a). On the contrary, as shown in Fig. 6.6(b), the
proposed VIC specifically mitigates resonance load only around the eigenfrequency and does not
amplify the response at other frequency locations.

The other two tests illustrate scenarios in which the excessive load can happen under constant

wind velocity profiles. Figure 6.7 shows the simulation results under constant wind velocity of 7.25
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Figure 6.7: Drivetrain responses under constant wind velocity of 7.25 m/s: (a) WT rotor speed,
(b) generator output power, and (c) drivetrain torsional load.
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m/s. The rotational speed of the WT rotor was initialized to be 17.9 RPM. Figure 6.7(a) shows
the rotor speed response that increases to reach the optimum rotor speed that ensures maximum
capture of the aerodynamic power. The plot lines from the three cases (i.e., without any controllers
as well as with SDC and VIC) superimpose each other that virtually only one line is visible. The
maximum power capture is verified in Fig. 6.7(b), which shows the same average in the generator
output power from the three cases. However, according to the Campbell diagram in Fig. 6.1, the
WT drivetrain is predicted to undergo resonance due to the second harmonic of the blade-pass
frequency at the rotor speed of approximately 18 RPM. The prediction is verified as large fatigue
loads are transmitted within the drivetrain if no controller is being implemented, as shown in Fig.

6.7(c). Both SDC and VIC are shown to effectively reduce the fluctuations in the drivetrain load.
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Figure 6.8: Drivetrain responses under constant wind velocity of 7.25 m/s: (a) WT rotor speed,
(b) generator output power, and (c) drivetrain torsional load.

Furthermore, the controllers introduce improvement by minimizing the generator output power

variation.

The third test aims to evaluate and compare the performance of the two controllers at a different
operating wind velocity. Figure 6.8 shows the simulation results under constant wind velocity of
5 m/s. The rotor speed was again initialized to be 17.9 RPM. The variable-speed WT, under the
three cases, is shown in Fig. 6.8(a) to successfully track the changing wind velocity to maximize the
aerodynamic power capture. However, this time, the drivetrain with SDC has the largest fatigue
load, as shown in Fig. 6.8(c). Therefore, if the WT spends sufficiently long period at the wind
velocity of around 5 m/s, the effect of installing SDC on a variable-speed WT can be detrimental.

On contrary, the VIC results in lower transmitted loads, with slightly lower power fluctuation, as
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shown in Fig. 6.8(b). It occurs as this condition is still recognized as around the inherent resonance

region. Thus, the controller injects a medium additional inertia AJ to mitigate the resonance loads.

6.5 Chapter Conclusions

This chapter proposes a novel torque control strategy in the power converters to manipulate the
eigenfrequency of the WT drivetrain by introducing additional virtual inertia in the compensating
torque. The VIC shifts the eigenfrequency of the system only when the drivetrain passes through its
inherent resonance. Beyond the characteristic resonance region, there is no compensating torque
required and the typical maximum power capture controller runs unchanged during normal op-
eration. This is of importance as the baseline SDC has a drawback of inducing additional load
at another operating condition. The simulation results show the effectiveness of the VIC, which

performs better under the range of tested wind velocities and frequency excitations.






Chapter 7

Torque Controller to Mitigate Load while Providing Inertial Re-

sponse

7.1 Introduction

As the number of WT connected to the grid is increasing, there have been growing demands for
WTs to participate in maintaining the stability of the power system. One of which is through the
provision of inertial response. Inertial response requires variable-speed W'Ts to inject additional

energy to the grid when the grid frequency drops so that the frequency decline can be arrested.

To allow type 3 WTs to provide the inertial response, many works have proposed the implemen-
tation of supplementary control loops in the power electronics converters [93-99] so that additional
energy obtained from the kinetic energy stored in the rotating mass of the WT is injected to the
grid during a frequency drop. Due to its feasibility, power system operators are currently at certain
stages of implementing requirements for WT’s inertial response in their system operations [9-11]

and WT manufacturers have been offering inertial response capabilities in their products [100,101].

However, the impacts of inertial response on the structural loads of WT have not been given
much attention. The immediate injection of energy to arrest the frequency drop requires a rapid in-
crease in the generator torque. Such increase in torque excites transient vibrations on the structures,
which in turn increases the fatigue loads and deteriorates the reliability of the W'T’s components.
In other words, inertial response can incur additional costs in the form of higher occurrences of
failure. Therefore, it is important to discuss the dynamic loads experienced by the W'T’s structures

due to the inertial response to obtain more informed consideration in providing such a service.

This chapter investigates the structural loads, particularly the drivetrain load at the component-
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Figure 7.2: A frequency dip measured at Western Interconnetion.

level, of type 3 GRC WT when providing inertial response using the developed high-fidelity WT
model established in Chapter 5. This chapter also proposes a torque controller based on the concept

of damper harmonic oscillator to mitigate the vibrations of the gear during the inertial response.

7.2 Generator Model

While an average model used in Chapters 5 and 6 is sufficient to represent the dynamics of DFIG at
constant grid frequency, a detailed DFIG model is required to take into account the effects of grid
frequency variations. Detailed generator model is available in the SimPowerSystems library [102]
and were modified following the properties detailed in Appendix B. A measured grid frequency of a

power system interconnection was taken as an input to the generator model, as shown in Fig. 7.1.

NREL has developed a custom monitoring system and software to autonomously and continu-
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ously monitor and capture grid frequency events. One such system was installed at the National
Wind Technology Center in June 2011 and has since been monitoring the frequency of the Western
Interconnection in the US [103]. Figure 7.2 shows the measured frequency dip used in this chapter
caused by a large loss of generation in the interconnection. It represents the event with the lowest

frequency nadir ever recorded by the measurement setup.

7.3 Torque Controller for Inertial Response

Figure 7.3 shows the schematic used in this chapter to compute the reference generator torque for
the rotor side converter of the DFIG to provide the inertial response. The speed regulator is the
one to extract the maximum power from the wind using the quadratic torque law of Eq. (2.9).
Upon a drop in grid frequency lower than 59.5 Hz, an additional term Q.44 in pu (1 pu torque =
rated generator torque) can be added to this torque setpoint to generate the inertial response. The

additional torque is given by [98,104]

. Y (7.1)
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where Af is the grid frequency deviation from the nominal frequency (i.e., Af =60 Hz — f). The
negative signs are to follow the convention that electric machine behaving as generator produces
negative torque. The first term in Eq. (7.1) is to emulate the inherent behaviour of synchronous
generators (SGs) used in conventional power plants [94], in which positive Kg¢ represents virtual
inertia that can be tuned arbitrarily to increase the overall system inertia [97]. The second term
is to emulate the primary frequency control or droop control of conventional SGs [95], in which
positive K adds damping to the grid frequency oscillation [97].

The low-pass filter is to remove the noise from grid frequency measurement and to mitigate
sudden increase in the torque setpoint, both of which can adversely vibrate the WT drivetrain.
The high-pass filter is to remove the effects of steady-state deviation in the grid frequency so that
the WT can return to the normal operating state of maximum power extraction after the grid
frequency stabilizes.

For the simulations, the parameters for the filters were fixed as T, = 1 and T = 10 leaving Kg4s
and K¢ as the tuning parameters. Figures 7.4 and 7.5 show the WT responses under different tuning
parameters at a constant uniform hub-height wind velocity of 8 m/s while the blades are pitched at
the optimum angle of —3.5°. Without implementation of the inertial response (i.e., Kqf = Kpt = 0),
neither does the W'T speed nor the output power change in response to the frequency deviation due
to the electrical decoupling from the grid by the power electronics converters. In order to provide
an inertial response resembling those of conventional SGs and type 1 generators, the parameters
were tuned to achieve the synchronized operation, as recommended in [96]. Synchronized operation
means that the type 3 WT speed normalized to the speed before frequency deviation follows the
normalized grid frequency during the negative rate of change of frequency. Such response is achieved
for this WT with Kgqf = K, = 0.2, as verified in Fig. 7.4. Tuning either of the parameters to a
larger value, although it is feasible, results in higher kinetic energy extracted from the WT while
reducing and then overshooting the WT speed excessively, as shown in Figs. 7.4 and 7.5. The
synchronized operation of this WT yields up to 4% power boost for a maximum of 0.2% frequency
dip. The operation then returns to the rotor speed corresponding to the maximum power extraction
in less than 50 seconds.

It is important to note that for this WT, synchronized operation can be achieved with Ky =

Ky = 0.2 for any other measured grid frequencies and any wind velocities between 3 m/s and 12.5
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Figure 7.5: Total power delivered to the grid at different tuning parameters.

m/s, which are the cut-in and rated wind velocities of the GRC WT, respectively. For higher wind
velocities during which the WT operation changes from region 2 to region 3 operations, which is not
covered in this chapter, pitch controller must be implemented to maintain the rated output power

and the tuning parameters need to be slightly reduced to Kqr = K¢ = 0.15 to achieve synchronized

operation.
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Figure 7.6: Generator torque and transmitted gear load during the inertial response.

7.4 Structural Loads due to Inertial Response

Simulations using the high-fidelity integrated model allow for investigation of the structural loads
of the WT. As expressed in Eq. (7.1), the inertial response of variable-speed WT comes with higher
generator torque, as verified in Fig. 7.6. This directly translates to an increase in the gear loading,
which is represented in Fig. 7.6 by the increase in the transmitted torque between the sun gear and
one of the three planet gears. This torque also indicates the amount of stress experienced by the
gear teeth. Therefore, although it is possible to transfer higher kinetic energy from the rotating
mass of the WT, as illustrated in Fig. 7.5, it is important to take into account the extent of the

increased load that comes with the inertial response.

Further, due to the structural couplings, the transient excitation from the generator torque
causes load fluctuations on other WT’s components. Figure 7.7 shows the moments in the SS and
FA directions on the top of the tower. The torque fluctuations are transmitted from the gearbox
through its arm support in the form of SS rolling motion to the base plate of the nacelle, as depicted
in Fig. 7.8. Such motion in turn exerts higher load on the yaw bearing at the top of the tower with
the same profile as the load fluctuations of the gearbox. Meanwhile, the tower FA motion and load

are not affected by the drivetrain excitation.

Figure 7.9 shows the moments in the SS and FA directions at the base of the tower, (i.e., the
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Figure 7.8: Coupling between drivetrain torque and tower-top SS moment, adapted from [17].

loads exerted on the WT foundation). It shows reductions in the tower-base loads due to the
slowing down of the WT during the inertial response. As the WT speed reduces, the aerodynamic
thrust and torque reduce [21], respectively contributing to the lower FA and SS loads during the
inertial response. Simulations using a more aggressive inertial controller represented by the red
dotted line in Figs. 7.4 and 7.5 verified the more significant reductions in the tower-base loads as
the WT gets slower. The difference between the blade loads with and without inertial response is

negligible and hence not shown.

A closer look into the transient responses of the generator during the inertial response is shown
Fig. 7.10. It shows an excitation from the generator torque to the drivetrain at approximately 58.6
Hz for the first 0.3 s since the commencement of the inertial response. Similar to the observation in

Fig. 5.14 using an average DFIG model, this high-frequency excitation is inherent to the generator,
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Figure 7.9: Loads on the tower-base during the inertial response.

the influence of which can only be accurately investigated using a high order drivetrain model. As
shown in Fig. 7.11, the instantaneous deliverance of power to the grid introduces some torsional
vibrations to the drivetrain. Because the magnitude of the high-frequency excitation is small and it
does not match with any of the eigenfrequencies of the drivetrain, only the first eigenfrequency of the
drivetrain at 1.83 Hz gets excited during the transient response of the drivetrain load. Nevertheless,
this transient vibration contributes to an increase in the fatigue load that in a long run can fail or

crack the gear teeth or other drivetrain components.

To quantify the impact of such excitations, the resulting structural loads from ¢ = 100 s and
t = 200 s (i.e., approximately 50 s before and after the grid frequency drops below 59.95 Hz for
the first time) were used to compute the DELs. The resulting fatigue loads on different WT’s
components are summarized in Table 7.1. It shows that the provision of inertial response increases
the fatigue load of variable-speed WT gears by 75.03% and the SS moment of the yaw bearing on
the top of the tower by 0.57%. However, the inertial response reduces the fatigue loads of the FA
moment of the yaw bearing by 0.07%. The load reductions are more prominent on the SS and FA

moments of the tower-base, respectively by 5.13% and 2.17%, due to the slowing down of the WT.

To mitigate the increase in the gear fatigue load, a compensating torque Qcomp based on the
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concept of damped harmonic oscillator concept [105] is proposed, which is defined as

82

52 4+ 2Cws + w?

Qcomp =-K (72)

The profile of the compensating torque is shown in Fig. 7.12 where the damped period of oscillation

is defined as T = —2%—. The compensating torque along with the other torque commands are
wy/1-(2
superimposed to yield the reference torque Q,cr for the rotor-side converter, as shown in Fig. 7.3.
Because there is not any feedback in determining the compensating torque, proper tuning of
the parameters is important to effectively mitigate the drivetrain load. For the simulations of this

work, K = 0.02, ( = 0.15, and w = 27 f, was tuned to the first eigenfrequency of the drivetrain
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Table 7.1: DELs of WT’s Components

No Inertial With Inertial Compensated
Structural Loads .
Response Response Inertial Response
Sun and planet 1 gears | o6 o\ | 9734 Nm | 75.03% | 272.3 Nm | —0.40%
transmitted torque
Tower-top
SS bending
3.881 kNm | 3.903 kNm | 0.57% | 3.893 kNm | —0.26%
moment
FA bending 7.091 kNm | 7.086 kNm | —0.07% | 7.085 kNm | —0.01%
moment
Tower-base
SS bending
87.96 kNm | 83.45 kNm | —5.13% | 83.43 kNm | —0.02%
moment
FA bending 24.84 kNm | 243 kNm | —2.17% | 24.3 kNm -
moment
Blade 1 Root
Flapwise 36.86 kNm | 36.86 kNm | — | 36.86 kNm | —
bending moment
Edgewise 448.6 KNm | 448.6 kNm | — | 4486 kNm | —
bending moment

(i.e.fe = 1.8 Hz). The responses of the generator during the inertial response with the tuned
compensating torque is shown in Fig. 7.10. There are slight reductions in the initial torque, and
correspondingly initial output power of the generator, because the compensating generator torque
fluctuates more in the beginning to counteract the transient vibration of the drivetrain. As a result,

the gears experience less oscillatory loads, as shown in Fig. 7.11.

The introduction of the compensating torque brings about improvements in the fatigue loads
of the WT, as shown in Table 7.1. Compared with the loads without any compensation, the
compensating torque reduces the coupled gears and yaw bearing SS fatigue loads by 0.40% and
0.26%, respectively. Although the improvement seems marginal, the difference can be beneficial
in the long run over many occurrences of grid frequency decline. The effects of the compensation
on the loads of other components are marginal because the small amplitude of the compensating

torque does not affect the WT speed.
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7.5 Chapter Conclusions

The inertial response of type 3 WTs can be achieved through implementation of supplementary
control loops so that additional energy obtained from the kinetic energy stored in the rotating mass
of the WT can be injected to the grid during a frequency drop. However, the impacts of inertial
response on the structural loads of a WT have not been given much attention. This chapter
investigates the impacts using the high-fidelity GRC WT model. The results show that the inertial
response increases the fatigue load of type 3 WT gears and the SS moment of the yaw bearing
while reducing the fatigue loads of the FA moment of the yaw bearing, the SS and FA moments
of the tower-base. Because of the increase in the gear fatigue load, this chapter proposes a torque
controller based on the concept of damper harmonic oscillator to mitigate the vibrations of the gear
during the inertial response. The high-fidelity WT model have enabled the design and validation
of the proposed controller. It shows that the introduction of such compensation yields mitigation

on the fatigue loads of the gears and the yaw bearing in the SS direction.






Chapter 8

Concluding Remarks

8.1 Thesis Conclusions

Following up Fig. 2.1, Fig. 8.1 summarizes the main contribution of this thesis. In this thesis,
various controller designs and performance validations to mitigate the blade and drivetrain loads
of type 3 (i.e., DFIG-based) WT have been presented. It has also been shown that the load
mitigating controllers also yielded improvement in the quality of the output power. The controllers
were designed to attenuate loads in ways that have not been paid much attention before and verified
to yield superior load attenuation as compared with the ones achieved by industrial standards.
The blade loads are of primary concerns at high wind velocities above the rated wind velocity
(i.e., region 3 operation). At such operating conditions, the blades are pitched to ensure that
aerodynamic power is being extracted at the WT rating while the generator torque is kept constant
at its rated value. In Chapter 3, a new control strategy was presented based on the concept
of stochastic disturbance accommodating control for variable pitch WTs to compensate for the
unmodeled dynamics, (i.e., the neglected modes during the design of the controller), changing wind
velocity, and measurement noise. Kalman estimator was used in designing the SDAC for CPC to
stabilize the WT that was otherwise unstable due to the unmodelled dynamic coupling between
the drivetrain and other WT components. To investigate the performance of the proposed control
scheme, simulations were performed under turbulent wind conditions with various mean velocities
and turbulence intensities. It was shown that the SDAC was able to achieve better speed regulation
and lower drivetrain loads under the tested wind conditions. It was expected that the additional
objective of dampening the drivetrain load would increase the control cost. Nonetheless, due to the

nature of turbulent wind and the implementation of integral anti windup in the GSPI controller,
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Figure 8.1: Contributions of the thesis: integration of drivetrain model as well as designs of pitch
and generator torque controllers.

the proposed SDAC could sometime result in a lower control cost.

IPC is required because CPC is inherently not able to take into account the blade load varia-
tions caused by the vertical wind shear. So far in pitch controller designs, the wind field is assumed
to have no misalignment with respect to the rotor plane. However, it was shown that yaw misalign-
ment could yield significant reduction in blade moment variations caused by wind shear. Therefore,
in Chapter 4 a novel LQR~based MIMO IPC was designed considering a WT model linearized at
a yawed inflow condition. The proposed IPC was decoupled from the yaw controller, allowing
implementation of conventional yaw controllers that aim to align the WT with the wind. Perfor-
mance of the controller was compared with that of the baseline CPC and IPC through simulations
under various turbulent wind conditions. The results showed that the proposed controller yielded
significant attenuations in the blade-root OOP bending moments as well as tower-base FA and SS
bending moments. Therefore, the proposed controller design could bring benefits in increasing the
reliability of the overall WT components.

For wind velocities below the rated wind velocity, the WT operates to capture as much wind
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energy as possible. At such operating conditions, there is an optimum WT rotor speed, which is a
function of the oncoming wind velocity, that ensures maximum energy capture. This optimum WT
rotor speed is achieved by controlling the generator torque while the blade pitch angles are fixed
at the optimum value. While achieving the desired optimum speed, the WT is being exposed to
various aerodynamic excitations on one hand and grid excitations on the other. To gain insights
on the internal drivetrain loadings under such condition as well as to design and verify controllers
focusing to mitigate them, a high-fidelity WT model is required.

In Chapter 5, an integrated WT model coupling high-fidelity aerodynamic, structural, driv-
etrain and electrical models was proposed. The capability of the FAST aeroelastic tool was en-
hanced through integration of a dynamic model of a WT drivetrain built using Simscape in the
MATLAB/Simulink environment. Some applications of the developed model was demonstrated.
The model could be simulated under different wind and grid conditions to yield further insight
into the drivetrain dynamics in terms of predicting possible resonance excitations. The integrated
model was able to simulate transient loads and their couplings across the drivetrain components. It
could also be used to design the various flexible components of the drivetrain such that transmitted
loads onto the gearbox could be reduced.

In Chapter 6, a novel torque control strategy was designed to manipulate the eigenfrequency
of the WT drivetrain by introducing additional virtual inertia in the compensating torque. It
was shown that the VIC shifted the eigenfrequency of the system only when the drivetrain passed
through its inherent resonance due to the blade-pass frequency. Beyond the characteristic reso-
nance region, there was no compensating torque required and the typical maximum power capture
controller ran unchanged during normal operation. This is of importance because the baseline SDC
suffers from a drawback of inducing additional load at the damped eigenfrequency. The simulation
results showed the effectiveness of the VIC, which performed better under the range of tested wind
velocities and frequency excitations. It was also shown that obviating resonance directly improves
the power quality by mitigating the fluctuations in the output power.

In Chapter 7, the impacts of inertial response on the structural loads of a WT were investigated
using the high-fidelity GRC WT model. The results showed that the inertial response increased the
fatigue load of type 3 WT gears and the SS moment of the yaw bearing while reducing the fatigue

loads of the FA moment of the yaw bearing, the SS and FA moments of the tower-base. Because of
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the increase in the gear fatigue load, this chapter proposed a torque controller based on the concept
of damper harmonic oscillator to mitigate the vibrations of the gear during the inertial response.
The high-fidelity WT model have enabled the design and validation of the proposed controller. It
showed that the introduction of such compensation yielded mitigation on the fatigue loads of the
gears and the yaw bearing in the SS direction.

In summary, the works of this thesis have contributed into:

e New design of MIMO IPC based on recent findings by other researchers on the benefit of
yawed inflow that can alleviate the out-of-plane bending moment of WT blades. The new
IPC design can be implemented using the same input-output configurations of the existing

IPC while shown to yield superior performance under simulated wind conditions.

e New application of stochastic control on disturbance accommodating control to stabilize the
close-loop WT system that, in existing design, is unstable due to unmodeled dynamics. The
application is illustrated through the use of Kalman Estimator in the design of SISO CPC

that yield alleviated drivetrain loads compared to the baseline SISO PI-based CPC.

e New integration of higher fidelity drivetrain model to enhance the capability of FAST, a well-
known and certified WT aero-elastic tool. The high fidelity drivetrain model has been verified
through comparisons of eigenfrequencies against both well-known planetary gearbox models

and several drivetrain test data on full-scale operating WTs.

e New insights on possible sources of deteriorating drivetrain loads from the integrated drive-
train model in FAST; such as resonant loads from wind excitations (low frequency excitations)
and grid excitations (high frequency excitations). Further verifications using data from real

operating WT's are essential to justify these findings. However, such data are hard to find.

e New proposed controller designs that add virtual inertia either to the drivetrain (to alleviate
drivetrain resonant loads) or to the grid (to support the grid during frequency drops and to
alleviate transient drivetrain vibrations). Such controllers are shown to effectively alleviate
the drivetrain loads through simulations using the integrated high fidelity drivetrain model

under realistic wind and grid conditions.



8.2. Recommendations 111

8.2 Recommendations

Further work might include coupling the pitch controller with the yaw controller to yield better
blade load mitigation. Feedforward control strategies using advanced wind sensing technology
such as LIDAR (Light Detection and Ranging) can be integrated to capture the incoming wind
conditions. Although it may result in increased yaw rate and gyroscopic forces on the nacelle, the
prospects of blade load mitigation are worth exploring.

The effectiveness of control strategies to mitigate resonance load due to high frequency excita-
tions, higher than the discussed blade-pass frequency, can also be explored. Harmonic excitations
from generator dynamics or from gear faults can excite higher drivetrain eigenfrequencies, the
influence of which has not been much investigated.

The proposed damped harmonic oscillator is sensitive to the drivetrain properties. Robust
control strategies can be explored in case the actual eigenfrequency and damping of the drivetrain

are very different from the one used in the controller design.
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