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Abstract

Wind power to cold climate sites is attractive because of favorable wind conditions and low population
density. However, icing of wind turbine blades remains one of the main challenges for cold climate sites.
Ice formation on wind turbine blades causes several problems, such as the loss of power production,
unbalanced loads in drive train and ice throw. Most of the existing detection methods need special
sensors installed and would be expensive to achieve a satisfied accuracy. In this research, an alternative
model-based ice on blade detection method is proposed. There are mainly two advantages of the method.
Firstly there are no additional measurements are needed. Secondly the detection method can be
implemented for any kind of blade aerodynamic changes, not only ice on blade.

The basis of the mode-based ice-detection method is a reliable linearized wind turbine model. The
accuracy of the model is mainly influenced by the number of degrees of freedom (DOFs) and the
number of operation points (OP). The most efficient model is the one with less DOFs and OP but
without losing much accuracy. The relative importance of DOF and OP is revealed and suggestions are
given for an optimum choice of DOF and OP for different quantities. Specifically, for power production
properties, increase the number of OP is more efficient. While, for blade and tower related properties,
increase the number of DOF is a better choice.

The ice on blade influence of aerodynamic force, power production and structure loads is studied for
three ice conditions, which are start ice, light ice and moderate ice. Based on the ice on blade influence
and the reliable linearized wind turbine model, the concept of model-based ice-detection is proposed as
follows: Firstly ice on blade changes the aerodynamics and the blade mass. Therefore it can be
considered as one wind turbine system changed to a different system. That means the outputs of the two
systems, with ice and without ice, are different, even the inputs are exactly the same. From the ice-
detection point of view, if the difference of outputs between iced system and cleaned one is much larger
than modeling error, ice on blade can be detected.

With the proposed model-based detection method, the ice-detection capability of different output
quantities is studied. It has been found that the power production related quantities usually have the
highest ice-detection capability, while the blade and tower properties have relatively lower capability. In
order to verify the ice-detection method for a broad working conditions, implementations are performed
for above and below rated wind speed conditions. Successful detections have been achieved for both of
them.

For possible measurement errors in reality, they are efficiently considered by introducing uncertainty
factors. The ice-detection capabilities with measurement error have been analyzed for three ice
conditions and detected based on different quantities. Although a drop in the detection capability has
been observed if considering the measurement error, all the quantities still can detect the ice successfully

to some degree.
i
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Chapter 1 Introduction

1.1 Background and state of art

Wind energy is now established around the world as mainstream sources of energy. It is a clean,
renewable energy source and offers many advantages. The 2016 market was more than 54.6 GW,
bringing total global installed capacity to nearly 487 GW, led by EU, China, and the US, according to
the global wind energy council. Figure 1 display the trend of global wind capacity installation. The
market is growing very fast.

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-20146

500,000 MW 486,790

432,680
400,000 369,860 —
318697
300,000 282850 —]
238110
; i'“}'”:lr.-
200,000 rr;-rr_,l
o3om 12069

. 24
100,000 57

T e L 94 Answ PO T . l

mm HE R - - .

200 2002 2003 2007 2008 2009 2010 20mMm 2012 2013 2014 2015 2016

Source; GWEC

Figure 1 Global cumulative installed wind capacity (Global Wind Report 2016)

Wind power capacity in cold climate is defined as weather conditions of atmospheric icing and low-
ambient temperatures which expose wind turbines to conditions outside their normal design limits (IEA
Wind Task 19 Group 2011). Building wind power to cold climate sites is attractive because of favorable
wind conditions and low population density (Lehtomaki and Wallenius, 2015). Therefore developers and
investors are beginning to shift their focus on new sites with attractive wind conditions in areas affected
by icing in northern Scandinavia, North America and mountainous regions all over Europe. A marked
study by BTM Navigant predicts further strong growth of the cold climate sector in the next years.
However, icing of wind turbine blades remains one of the main challenges for cold climate sites. Icing
of blades has become more significant while turbine size has increased (Hochart C, 2008).

Ice formation on wind turbine blades causes several problems. Firstly ice on blade changes the airfoil
shape of blade, therefore the blades aerodynamic properties changes. This will induce the loss of power
production and expected downtime due to icing must be considered in the economic assessment of
project. Secondly additional mass on the blade due to icing yields higher inertia forces on the rotor and
may change the natural frequencies and loads of the blade. That may decrease the blade life due to
fatigue issues. If ice on blade is not symmetric, the asymmetric drive train loading will decrease the life
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time of drivetrain components. Thirdly possible ice throw from the wind turbines operating under iced
condition is an important issue for wind farms near populated areas such as a ski resort or farmlands.
(Etemaddar et al.2014).

In this context, an optimized and efficient operation of wind parks under icing conditions has become a
very important issue for wind farm operators. On the one hand, it is in the operators’ interest to keep the
production losses due to icing as low as possible. On the other hand, the safety of passersby and service
personnel has to be guaranteed at all times and extreme loads have to be avoided (Cattin, R. 2012).

Icing can be detected either directly or indirectly. The direct methods detect some property change
caused by the accretion of ice. These include mass, reflective properties, electrical or thermal
conductivity, dielectric coefficient and inductance. The indirect methods are based upon detecting the
weather conditions that lead to icing, such as humidity and temperature, or detecting the effects of icing,
such as a reduction in power production. They then use a model, either empirical or deterministic, to
determine when icing is occurring. There are some commercially available products, which are listed in
Table 1 and Table 2 (Cattin, R. et al 2016).

Table 1 Direct ice-detection ptoducts and its principles

Products Principle Commercially available
Leine Linde System . .
IPMS Video livestream 2010
Combitech Ice . . .
Monitors Vertical freely rotating cylinder load cell 2005
Goodrich Ultrasomic V|.brat|ng f!nggr plecrease of 1994
amplitude during icing
HoloOptics Reduced infrared refle_ctu_)n when probe 2009
covered with ice
Sommer Change of impedance on_surface when 2016
probe covered with ice
New Avionics Ice | Change of opacity and index of fraction
. . 2014
Meister when probe iced




Table 2 Indirect ice-detection ptoducts and its principles

Products Principle Commercially available
Temperature & Temperature<XX°C Lond time
humidity Relative humidity>XX% g
ENERCON Ice- Actual power output vs. predicted from
. . n/a
detection System wind speed
Heated vs. unheated |Significant deviation between heated and .
Long time
anemometers unheated anemometer
fosd lce-detection F_|ber-opt|c accelerators chapg_e in 2013
eigenfrequency when blade is iced
Wolfel SHM Blade Structural noise sensors(accelerators), 2012

detect change of generated noise

The methods using resonant frequency of a probe ice collecting cylinder, change of impedance and two
anemometers, as well as the HoloOptics and Sommer sensors all are mounted on the nacelle of the
turbine, and have therefore limited applicability for detecting ice on blade. This is due to the rate of ice
accretion is directly related to the relative velocity of the super-cooled water droplets, and it is at the
blade tip that the highest velocity occurs. What’s more the outer ends of the blades sweep a larger
volume and collect water or ice from the entire volume.

The method using blade eigenfrequency is widely used with relatively high accuracy. The greatest
disadvantage is the difficulty in installing the system in existing blades. This is because the fiber optic
cables must be installed during the construction of the blades.

The method using cameras can be useful during testing of various sensors, and to record the conditions
at the wind turbine, but have not yet been demonstrated to be suitable for ice-detection. There are two
mean reasons. Firstly, in arctic regions there is little light during much of the winter, which requires
artificial lighting. The second is the lack of suitable automated image analysis tools, therefore the
images should be manual checked. However image analysis is an area in rapid change, which may make
this system promising in the near future.

The method applying a change in the frequency of noise will require further investigation to determine
how background noise and varying wind speeds affect the data. Actual power output vs. predicted power
output is a safety check which should already be implemented and a difference may have other causes
than icing of the blades. Moreover it can only be used when wind turbine is operation.



1.2 Scope of the current study

In this research, a model-based detection method for wind turbine ice blade is developed. There are three
main advantages of the method. Firstly the model-based ice-detection method is based on the
measurements that already exist. By applying the wind turbine model, almost any kind of quantities can
be determined including displacements, moments, loads and power production related quantities.
Therefore the quantities with measurement value can be selected to detect ice without additional
measurements. Secondly the detection method can be implemented for any kind of blade aerodynamic
changes, not only ice on blade. Any aerodynamic change will induce the change of output comparing
with healthy system, therefore aerodynamic change like blade damage and pitch faults can be detected.
Thirdly the linearized healthy wind turbine model can also be applied for design of controllers and states
estimators.

There are basically two kinds of models are developed in the thesis. One is nonlinear wind turbine
model, and the other is linear wind turbine model. In order to simulate ice on blade in time domain, a
nonlinear model of land based NREL 5 MW wind turbine is implemented in FAST. Fast is aero-hydro-
servo-elastic system that can conduct the integrated wind turbine system analysis. The aerodynamic part
is based on Blade Element Momentum (BEM) theory, and the structural part is based on modal analysis
method. The NREL 5MW wind turbine is a pitch regulated wind turbine. Although the nonlinear model
is not exactly the same as real wind turbines due to manufacture error as well as the structure change
during transport and installation, the model has captured most of the features of wind turbine and is
widely used as a benchmark. The nonlinear model is for represent the real operation wind turbine.

However in practice wind turbine model for online detection should be very fast and stable. The
nonlinear model is not efficiency enough and consumes much computer time, therefore it is not suitable.
A linearized wind turbine model with high efficiency and robust is needed, which captures the most
important physical features. Fast is applied for determining the linearized wind turbine model. The
accuracy of the linear model is verified in the thesis. Moreover what kind of linearized model is most
suitable for ice-detection is also investigated.

The concept of model-based ice-detection is as follows: Firstly ice on blade changes the aerodynamics
and the blade mass. Therefore it can be considered as one wind turbine system changed to a different
system. That means the outputs of the two systems, with ice and without ice, are different, even the
inputs are exactly the same. From the ice-detection point of view, if the difference of outputs between
iced system and cleaned one is much larger than modeling error, ice on blade can be detected.



1.3 Structure and innovative of the thesis

The thesis can be divided into two parts. The first part focuses on modeling the linearized wind turbine
system from chapter 2 to 6. The second part focuses on ice on blade detection implementation from
chapter 7 to 9. The structure of the thesis is:

In chapter 2, the basic theory of nonlinear wind turbine model in FAST is introduced. After that the
theory and steps of linearization method is introduced. Finally the more detailed description of
linearization wind turbine components is introduced.

In chapter 3, the definition of NREL 5 MW wind turbine is introduced including the general
aerodynamic and structure properties and the detail description of the control system in different regions.

Chapter 4, 5 and 6 is to study the two main modeling parameters, which are the number of degrees of
freedom (DOF) and the number of operation points (OP). The aim is to find a suitable DOF and OP for
ice-detection. Chapter 4 discusses the influence of number of DOFs for the accuracy of the model.
Chapter 5 focuses on the number of OP influence for model accuracy. Chapter 6 studies the total error
due to DOF and OP, which is a combination and summary of chapter 4 and 5. In this part all the cases
are above wind speed.

Chapter 7 mainly discusses the influence of ice on blade and how to model ice on blade phenomenon.
Four ice conditions are considered. And the ice on blade influence on aerodynamic properties and mass
are studied as well as other output values of wind turbine. Moreover model-based ice-detection
strategies are introduced.

In chapter 8, model-based ice-detection method for above wind speed case is investigated. The ice-
detection ability of different quantities, such as power production, blade properties and tower properties,
under different DOF, OP and ice categories are studied.

In chapter 9, model-based ice-detection method for below wind speed case is investigated. Firstly the
total modeling error is investigated with similar method as chapter 6. Then the ice-detection ability of
different quantities, such as power production, blade properties and tower properties, under different
DOF, OP and ice categories are studied.

Chapter 10 is a summary of the whole thesis.
The innovative and highlights of the thesis are:

(1) Developed the linearized wind turbine model for ice-detection application. Conducted a systematic
analysis on the modeling error. Improved the model in respective of the number of DOFs and OP.

(2) Proposed a detection method for ice on blade based on the previously developed model. Carried out
studies to determine the detection capability using different quantities including power production, blade
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properties and tower properties. According to my knowledge, there are no studies applying similar
methods.

(3) Implemented the model-based ice-detection method for both above rated and below rated wind speed
conditions. Suggestions are given for ice-detection under different ice conditions.



Chapter 2 Wind Turbine Modeling Theories

In this chapter, the modeling theories of a wind turbine will be introduced in two steps. Firstly, the
nonlinear model will be established with Blade Element Method (BEM) for the aerodynamics and modal
method for structure dynamics. Then this nonlinear model will be linearized for convenience in design
and simulation. The linearization starts by determining the operation-point (OP) and the nonlinear model
will be linearized with respect to this OP. A simple case will also be given to illustrate how the
linearization method works.

2.1 Nonlinear wind turbine model

Land based wind turbine is an integrated aero-servo-elastic system with inflow wind, aerodynamics,
structure dynamics and control system. In this study, the calculation and analysis are based on the results
from FAST, an open source software developed by National Renewable Energy Laboratory (NREL).
Therefore, the following theoretical introduction is about the basic theories used in FAST. It should be
noted that these theories are general and widely implemented in wind turbine software besides FAST.

All parts in an aero-servo-elastic wind turbine system are shown in Figure 2 . Different parts are related
closely and will be introduced one by one here. Aerodynamic module uses inflow wind data and solves
for the rotor-wake effects and blade-element aerodynamic loads. The control and electrical system
module simulates the controller logic, sensors, and actuators of all control related quantities, such as the
blade-pitch, generator-torque, nacelle-yaw, and other control devices. What’s more, it can also simulate
the generator and power-converter components of the electrical drive. The structural-dynamics module
consists of rotor dynamics, drivetrain dynamics, power generation, nacelle dynamics and tower
dynamics. Within this module, the elasticity of the rotor, drivetrain, and support structure are simulated
according to the control and electrical system reactions as well as the aerodynamic and gravitational
loads. The modular interface and coupler enables interactions between all modules.

External I Applied I Wind Turbine
Conditions I Loads I
Control System
I Rotor Drivetrain Power
4 Dynamics Dynamics Generation

Nacelle Dynamics

Tower Dynamics

Figure 2 Coupled aero- servo-elastic interaction (Jonkman J M, 2013)
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The aerodynamics module, structure dynamics module and control system are three key parts of the
wind turbine modeling, and thus they will be thoroughly introduced in the following sections. For the
aerodynamics module, the Blade Element Momentum (BEM) theory is implemented with some
corrections in the coefficients. For the structure dynamics module, the blades, drivetrain and tower are
considered as flexible structures and simulated by modal analysis method. As for the other parts, such as
nacelle, rotor and generator, are considered as rigid body. Some structure parts are modeled in the earth
fixed coordinate system, while others have their own local coordinate system. The multi-body dynamics
theory is applied to assemble all the structure motions in earth fixed coordinate. Finally, the Newton
Second Law is applied to analysis dynamic response of structures. A three-blade land based wind
turbine will be taken as an example. Its definition of Degrees of Freedom (DOFs) and coordinate
systems will be introduced first, and then the focus will be put on the theories of aerodynamics and
structure dynamics implemented in FAST. As the control strategies are quite different from one turbine
to another, 1 will introduce the control system in Chapter 3 for a NREL 5MW wind turbine, which will
be used as the object for all the later simulations.

2.1.1 Degrees of freedom and coordinates

The FAST code can model a three-bladed land based Horizontal Axial Wind Turbine (HAWT)
consisting of nine rigid and five flexible bodies through 18 DOFs. The rigid bodies include the earth,
base plate, nacelle, armature, gears, hub, tail, and structure furling with the rotor. The flexible bodies
include the tower, three blades, and drive shaft. Detailed information for these 18 DOFs are given in
Table 3.

Table 3 Definition of DOF

Body No. of DOF Detail Description
9 1% and 2™ flap-wise modes
3 Blades 1% edge-wise mode
1 blade pitch
Tower 4 1% and 2" Bending mode in longitudinal
and transverse direction
Nacelle 2 Yaw and tilt
Generator 1 Variable speed
Drivetrain 1 Torsion motion
Rotor 1 Tilt

Figure 3 shows the definitions of different DOFs. The first nine DOFs are the blade first and second
flapwise mode and blade first edgewise mode. As shown in Figure 3, bending can occur both in the rotor
plane and out of the rotor plane. Besides, the blades also have aerodynamic pitch though bearings at the
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root of blades, which can be considered as another DOF of blades since all three blades pitch
simultaneously. The next four DOFs account for tower motion: two of them are the first and second
longitudinal modes and the other two are the first and second lateral modes. The tower is assumed
cantilevered to the earth and can bend in two directions, producing the fore-aft and side-side motions.
These bending flexibilities are modeled by two modes in each direction. Yawing motion of the nacelle
provides another DOF. The yaw bearing allows everything above the tower to rotate as the wind
direction changes. Moreover, nacelle can be allowed to tilt as well. The next DOF is for the generator
azimuth angle, which means the generator rotation speed can be controlled. Another DOF is the
compliance in the drivetrain between the generator and hub/rotor. These DOFs account for variable rotor
speed and drive-shaft flexibility. The rotor consists of a hub, and rotor blades. A teeter hinge connects
between the rotor and the low-speed shaft, which allows the rotor to tilt. For floating wind turbines there
are another six DOFs corresponding to the platform translational and rotational motions. For land based

wind turbine these DOFs will be omitted.
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Figure 3 Typical turbine degrees of freedom and motions (Alan D. Wright 2004)



The tower related coordinate systems are shown in Figure 4. The Tower-Base Coordinate System
coordinate system is fixed in the support tower. So that it translates and rotates together with the
platform for floating wind turbine and it is the same as earth fixed coordinate for land based wind
turbine. The Tower-Top coordinate system is fixed to the top of the tower. For land based wind turbine
it translates and rotates as the tower bends, but it does not yaw with the nacelle. The Nacelle/Yaw
coordinate system translates and rotates with the top of the tower, and it has the yaw motion with the
nacelle.

Moreover, there are also local coordinate systems defined for the shaft, hub and every blade as shown in
Figure 5. The shaft coordinate system does not rotate with the rotor, but it translates and rotates with the
tower and it yaws with the nacelle and furls with the rotor. The hub coordinate system rotates with the
rotor and the axis orientation does not include a cone angle. The coned coordinate system for each blade
rotates with the rotor and includes the cone angle. The coordinate system does not pitch with the blades.
The blade coordinate systems are the same as the coned coordinate systems, except that they pitch with
the blades and their origins are at the blade root.

v ZnT/'YF znt Yo
% " g

Figure 4 Tower-Base Coordinate System (left) Tower-Top/Base-Plate Coordinate System (middle)
Nacelle/Yaw Coordinate System (right) (Jonkman, J. M 2005)

Zn A H¥n
Ze
t3 A, -
_— A —— s —
Xs
3 - -

Figure 5 Shaft Coordinate System (left) Hub Coordinate System (middle) Coned Coordinate Systems
(right) (Jonkman, J. M 2005)
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2.1.2 Aerodynamics—BEM

The BEM method implemented in the current study is a combination of blade element method and
momentum method. The assumptions of one-dimensional momentum theory include homogeneous,
incompressible and steady-state flow, no friction drag, no flow through stream tube boundary, infinite
blades, uniform thrust over disk, non-rotating wake and pressure equal to ambient pressure far from disk.

Inlet Outlet

1
|
|
|

L

Figure 6 Control volume for actuator disc model (J.M. Jonkman 2003)

Figure 6 shows the one-dimensional actuator disk model. Here we define v, as the velocity at inlet of
control volume, and v, as the velocity at outlet of control volume. At position just before and after the
rotor plane, the velocities are defined asv, andv; respectively. For convenience in the later expression,

we further defined two non-dimensional factors, axial induction factor a and angular induction factor a’.

Vo=V, ., ®

a= , a'=— 1
v, 2Q) @
According to the momentum method, the thrust force T can be expressed as
T-1Aw-v 2
—Ep (Vo —Vy) (2)
where p is the air density and A the area of rotor plane.
The power P is equal to the change of kinetic energy, which can be calculated as
_ 1 5 2 2y _ 1 3 2
P _Em(VO —-V;) _EpAvo4a(1—a) (3)

where m donates the air flux through the rotor plane.

From the above formulations, it can be seen that the factors a and a’ are the key to determine thrust load
and power. They can be determined as follows. We can write the thrust dT and torque dQ acting on an

annular ring based on momentum theory
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dT =4a(l- a)% pVE2zrdr (4)

dQ =4a'(1- a)%vaQrZandr (5)

where r and dr is the radius and thickness of the annular ring.

If the blade element theory is applied, a force normal to the rotor plane p, and a force tangential to the

rotor plane p, can be determined as shown in Figure 7.

P,

N-ormal Force

Lift Force

D
) Drag Force
Chord Line

Pitching Moment

Figure 7 Airfoil section in the rotor plane (J.M. Jonkman 2003)

The thrust and torque can be calculated as
dT = BR,dr =B(Lcos @+ Dsing)dr (6)
dQ = BP.dr = Br(Lsing@—Dcos ¢)dr (7)
Where B is the number of blades, dr is the length of a strip along the blade.

Combining equation(6) and (4) we can get

=Ty ©
Y11
oC,
Combining equation(7) and (5) we can get
a'= 4sin gos ©)
APERP g
oC,
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A typical solution procedure is: (1) Guess starting values for a and a’; (2) Calculated ¢ and the
correspondinga, C, and C,; (3) Update a and a’; (4) Check for convergence with a given tolerance,
and if not, repeat the procedures.

Additionally, there are two corrections applied, which are the Prandtl correction and Glauert correction.
The air tends to flow around the tip of the blade from the lower to upper side of the lifting surface.
Therefore, the tip of the blade produces less aerodynamic force. This reduction of forces due to finite
blade length is accounted by multiplying the Prandtl correction factor F

F=Zcos* {exp(——B (A=r/ R)j:l (10)

Vs 2rsing/ R

The wind velocity in the far field wake would be negative, and because of this effect, BEM theory is not
valid for induction factors greater a than 0.5. The Glauert correction is used for the cases with large
induction factors. For a>0.4, the empirical thrust curve recommended by Burton et al [10] can be written
as

(C, /F-Cy,)

d=—T—"T—""(a,—q )+ (11)
CTZ_CTI (2 )

where a, =1.0, C;, =182, a, =1.0-0.5,/C,, , C;; =4a,(1-4a,), and F is the Prandtl factor.

2.1.3 Structure dynamics

In the structural model, the blades and tower is considered to be flexible cantilevered beams, which are
fixed at one end and free at the other end. They both have point masses attached at the free end, which
are the nacelle for tower and the tip brakes for blade. In theory, such continues bodies possess an infinite
number of DOFs. However, in practice, such bodies are modeled as a linear sum of known shapes of the
dominant normal vibration modes. The deflection of a cantilever beam can be represented as a linear
combination of the known shapes of the first several normal vibration modes. This technique reduces the
number of DOFs from infinity to a finite number N and is known as the normal mode summation
method. This method is used to represent the beam bending in two different directions. In order to give
greater accuracy, more than one mode can be used. Specifically, the tower in two directions and blade
deflection in flapwise direction is modeled by two modes. The in-plane deflection of the blade is
modeled with only one mode since the flexibility in this direction is much lower.

The blades are treated as flexible beams fixed at the hub and free at the tip. Since the blade have

structural pre-twist, the definition of the deflections in two directions will change along the twisted beam,

which brings some complex. A method to make it easier is to define the total blade curvature as the

combination of curvature in each direction, oriented by the structural pre-twist. This curvature is

resolved into two directions, which are in-plane and out-of-plane. The two components are then
13



integrated twice to get the deflection shape. The local curvature in the flapwise direction and edgewise
direction can be expressed as

0"(z,t)=0q,(t) f," (2)+a,(t) f," (2) (12)

V"(z,t)=0,(t)g" (2) (13)

where z is the coordinate along the blade, f,and f, are the first and second flapwise mode shapes for
the non-pre-twisted blade, g is the edgewise mode shape for the non pre-twisted blade, q,, g,and g,are

the their associated generalized coordinates.

If the local pre-twist angle is Ho(z) in element local coordinate, then the local coordinate system can be

transformed back to the system fixed at the blade root. The out-of-plane curvature can be written as
u"(z,t) =cosé, {ql ()1 (2)+6 (1) 1) (2)} -sing, {au (1) 0" (z)} (14)
And the in-plane curvature can be expressed as
V'(z,t)=sing, {ql(t) £ (2)+0,(t) f,’ (z)}+cos¢90 e (0)d” (z)} (15)
These two curvatures can also be represented by twisted shape functions as follows:

u"= q1¢1" + q2¢2" + q3¢3”
V' = q1‘//1” + qzl//zﬁ + qSVISH

(16)

where ¢" =cos6,f," (), 4, =cos,f, (z), 4" =-sin6,9" (2), v," =sing, 1, (2), v, =sing,f,"(2)

and y, =cos6,g" (z). These functions can be integrated twice with respect to z, to get the overall mode

shapes with twist for in-plane and out-of-plane bending. The deflection of the blade in two directions
can then be expressed as equation(17). It should be noted that since the local blade segment is vibrating,
its position is expressed in the root-fixed coordinates

(20)=3a (1) (2)
'j (17)
(z:0)= L 0wl

(z), =123

The generalized mass and stiffness m; and k; are defined in terms of the kinetic energy T , and potential

energyV , as expressed in equation(18) and(19). The energies T and V can also be expressed by
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integrated formula containing u(z,t)and v(zt).By relating (17), (18) and (19), m; and k; can be

easily determined from ¢ (z) and w;(z).
T=23 3 ma ()9,() (18)

v =%szi,—qi (t)a; (t) (19)

Similar modal analysis method is applied for tower. It is easier due to symmetric vibration in two
directions and without structure twist. Therefore it will not be explained in detail here.

There are several coordinate systems for different flexible and rigid bodies. Once the motions are
defined in their local reference frames, the kinematics of the system can be expressed. Vectors from any
of the above coordinate systems can be used, since they are easily transformed to a common coordinate
system. The accelerations of points in the system can be expressed using velocities and angular
velocities. Velocities and angular velocities can be determined according to the relationship of different
reference frames.

The equations of motion according to Newton’s Second Law can be assembled with expressions for the
accelerations and external forces determined.

F+F'=0, F=XF, F=Y(-ma) (20)

Where F, are generalized active forces and F." are generalized inertia forces, respectively. The

generalized active forces include all external forces acting on the body

- Ff|Aero + l:r|(3|favity + F

r |Drive + F" |Elastic

(21)

r |Tota|

These generalized active forces are aerodynamic forces, gravity, drive train forces, and elastic restoring
forces of the flexible bodies. The aerodynamic forces have been introduced in section 2.2.1. During
start-up and stopping operations, significant drive train loads can occur. During start-up, the rotor starts
as a result of the generator acting as a motor. At that time the drive shaft acts as a torsional spring and
may cause large torsional oscillations. The elastic restoring forces of the flexible bodies are induced by
the bending of elastic bodies, which produces forces that restore the bodies to their non-deflected
position. The generalized active forces based on these restoring forces can be computed from the
potential energy V of a bent beam.

The generalized inertia forces can be written as
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Tower r
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Total r

(22)

_l’_
r Hub r

r

Nacelle Blades

The generalized inertia forces consist of all effects of linearly and angularly accelerating mass. All
bodies that have mass, including the tower, nacelle, hub, and blades makes a contribution to the
generalized inertia forces.

2.2 Linearization theory

The model linearization process in FAST consists of two steps. The first step is to compute a periodic
steady state operating point condition. The second step is to linearize the FAST model about this steady
state operating point to form state matrices. It should be noted that the state matrices are related to rotor
azimuth angle, which means there are state matrices at each azimuth angle. Therefore the state matrices
can be azimuth-averaged for non periodic development. During the second step, the control system,
which includes pitch controller and variable generator speed controller, is neglected.

2.2.1 Periodic Operating-Point (OP) determination

Operation point (or fixed-point) determination is the first step in the linearization process. An operating
point is a set of values of the system that characterize a steady condition of the wind turbine, such as
DOF displacements, velocities, accelerations, wind inputs, and control inputs. For a wind turbine
operating in steady winds, this operating point is periodic which means the OP. values depend on the
rotor azimuth orientation. This periodicity is induced by aerodynamic loads, which depend on the rotor
azimuth position in the presence of prescribed shaft tilt, tower shadow, or wind shear. Furthermore,
gravitational loads also drive the periodic behavior. For a nonlinear system, a linear representation is
only valid for small perturbations from an OP. This means the linearized model is only accurate for the
inputs and DOFs values that are close to the operating point values. Therefore, it is important to
determine an accurate operating point. The procedure to determine periodic steady state computation is
shown in Figure 8.

Control input step a| Simulate through
N=n+1 1 rotor revolution

A

Abort

Trim control < Add artificial gop’gop ! ﬂOP
Input damping Hop’gop

Figure 8 Periodic Steady State Computation (Jonkman, J. M, et al. 2005)
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During the process of finding a steady state solution, FAST integrates the nonlinear equations of motion
in time until the solution converges. At the first time step the control input is the initial value set by the
users. Then nonlinear simulation though one iteration, or one period of the rotor revolution, is conducted.
The convergence is checked unless the maximum time is reached. Convergence is defined as a L2-norm
of the differences between the states computed at the beginning and at the end of the iteration. The
preset convergence tolerances e, and ¢,are chosen to be very small. A L2-norm is computed for the

angular displacement vector ¢and angular velocity vector g. If the computed L2-norm is larger than the

convergence tolerance, an artificial damping will be added and the control inputs, such as blade pitch or
generator torque, are also changed. The simulation continues until the solution is considered to have
converged. Otherwise, the iteration stops if the solution has not converged by the time Tmax is reached.
One thing should be noted is that the control input to be trimmed depends on the operation region of
wind turbine. Generator torque will be trim in region 2, while blade pitch will be trimmed in region 3.
Once the OP is determined the model linearization will be conducted.

2.2.2 Model linearization

In the model linearization step, FAST numerically linearizes the nonlinear aero-elastic model at the
operating point. Since the OP of each azimuth angle is different, the OP is a function of rotor azimuth
angle. Therefore at each azimuth angle there is a set of state matrix.

The fully nonlinear aeroelastic equations of motion can be expressed as:
M (q.u,t)+ f(g,q,u,u,,t)=0 (23)

where M is the mass matrix, f is the force function vector, g is the vector of displacements (periodic), q
and ¢ are velocities and accelerations respectively (periodic), u is the control inputs vector, u, is the

wind input perturbing vector, and t is the time.

Then this nonlinear aeroelastic model will be numerically linearized at the O.P. The motions and inputs
and be expressed as the summation of O.P. value and the disturbance values expressed as:

9=y +Ad G=0y +Ad, (=0y +AG,

(24)
U=Uy +AU, Uy =Uy, +AU,

The second-order linearized system can be obtained by substituting equation(24) into the equations of
motion expressed in(23), and expanding as a Taylor series approximation.

MAG +CAq+KAg = FAU + F,Au, (25)
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where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, F is the control input
matrix and F, is the wind input disturbance matrix. The matrixes are determined be first Taylor

expansion at the operation point

of oM . of
M == |op’ :a— , = —g+_
q aq aq
- - TP (26)
F:{ﬂgﬁ} R
ou ou on OUy o

The partial derivatives in equation(26) are computed using the central difference perturbation numerical
technique within FAST. For example the partial derivatives of mass matrix to control input can be
expressed as

oM | _ M (g|op +Ag’ g|0p ’t|op)_ M (H|op _Ag’ gop ! t|op) (27)
ou |Op 2AU

Besides the linearized equations of motion, a linearized system associated with output measurements y
can be developed. The measurement can be quantities related to generator and rotor, blade pitch angle,
structure motion and moment, etc. The second order linearized representation of the output system can
be expressed as:

y=VelC-Ag+Dsp @q+D-Au+D,-Ay, (28)

where VelC is the velocity output matrix, DspC is the displacement output matrix, D is the control

input transmission matrix, and D, is the wind input disturbance transmission matrix.

The second order motion and measurement representations can be rewrite for a first order equation with
the DOF displacement, velocity and acceleration disturbing vectors replaced by the first-order state
vector x and the state derivative vector X.

{3 o3
T |Ag T A9

Therefore the first order expression of the system is

= AXx+ BAU + B,Au,

X
y =Cx+ DAu + DAy, (30)
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where A is the state matrix, B is the control input matrix, B, is the wind input disturbance matrix, and

C is the output state matrix. All matrixes can be derived from their second-order counterparts as follows:

0 | 0
A= 1 4~ | B= 1
-M"K -M"C M™F

0
; [M‘lFJ’ C =[DspC VelC]

(31)

The control input transmission matrix D and wind input disturbance matrix D, of first order

representations are identical with second-order representations of the linearized system.

The wind turbine system is an aeroelastic system with several modules which are summarized in Table
4.The relationship of the inputs and outputs of these modules is illustrated in Figure 9. In the following,
the modules, states, inputs, and outputs will be introduced one by one. There are three modules taking
parts in the linearization, which are Inflow Wind (IfW), Aerodynamics (AD) and Structure Dynamics
(ED). The purpose of IfW is to generate wind field according to the input disturbance wind speed,
power-law shear exponent and wind direction. There are no DOFs included in this module, therefore
also no states included. The next module is AD, which is applied to determine the aerodynamic force.
Wind velocity, which is the output of IfW, is one of the inputs of AD. Blade pitch is another input,
which can be used to calculate the angle of attack to get lift and drag coefficient. It should be noted that
in the integrated nonlinear model, blade pitch is determined by the wind turbine control system.
However in linear model, the blade pitch comes from the measured inputs. Due to the coupling between
aerodynamic and structure dynamic, the calculation of aerodynamic force should consider the motions
of structures. Therefore, the displacements and velocities of blades and tower, which are outputs of ED,
are inputs for AD. There are no DOFs included in this AD module, therefore no states as well. The next
module is ED with the purpose of determining the structure motions and generator speed. Besides the
aerodynamic force from AD, the inputs of ED should include generator torque as an external force. With
all the forces and structure properties, the flexible and rigid body motions can be determined as outputs.

Overall, if we make the IfW, AD and ED modules as an integral closed system, the inputs are wind field
properties, blade pitch angle and generator torque, and the outputs are wind velocity, aerodynamic
forces and flexible and rigid body motions. The states only come from ED, which are the modal
displacements and modal velocities for flexible body and rigid body displacements and velocities.
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Inputs Modules Outputs

Wind speed R
Wind direction > IfwW Wind velocity
Shear exponent

\ 4
Blade pitch AD Aero Force
A
I:Aero 9’ 9’ 9
A 4
Generator torque » ED Motion
Generator speed

Figure 9 Relationship of modules and the inputs and outputs

Table 4 Module states, inputs, and outputs in the linearization process

Module States Inputs Outputs
_ e Disturbance of wind e Undisturbed wind
Inflow Wind None speed, power-law shear |  velocity
(1fW) exponent, and wind
direction
Aerodynamics o Dlspla}c_ements e Aerodynamic loads
None e Velocities
(AD) e Blade pitch angle
« Displacements|® Aerodynamic loads e Displacements

Structure |5 Generator torque e Velocities
dynamics e Accelerations

(ED) e Reaction loads

[ ]

Generator speed
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2.3 Linearization of wind turbine model

Although FAST can output the state space matrix conveniently, it is very helpful to introduce the
detailed linearization theories for aerodynamics and structure dynamics, in order to have a better
understanding of the physics.

2.3.1 Aerodynamics linearization

Wind turbine extract kinetic energy of wind to make the rotor rotate. The available power of the wind is
determined by the circular cross section, which has the same area as the rotor disc. The power
coefficient C_should be considered, since only a part of the available power P, can be converted to rotor

power P, , which has nonlinear expression as

1, 1
P =PRC, :Emvzcp :Epﬂ'RZV?’Cp (32)
where m is the mass flow of the wind, v is the wind speed, R is the radius of the rotor disc and p is the
air density.

The aerodynamic forces acting on the rotor consists of two parts: torque and thrust. The nonlinear
aerodynamic torque and thrust can be expressed as

1 5 3 \Y;

LoRaee |V

p 2/ p[Q,R ﬂ]

L @)

r r

1 Vv
Tthr = EIOERZVZCT [ﬁ ) ﬁj (34)

r

The power coefficient C_ and thrust coefficient C; are functions of blade pitch angle g, the rotor

rotational speed Q. and the wind speedv. The power and thrust coefficient and be calculated by BEM

theory as shown in section 2.1.2.In the following, we will conduct the linearization of torque, thrust and
power.

For the aerodynamic torque forceT,, it is a continuous function of wind speed v, rotor-speed Q, , and

pitch angle S .1t can be expanded as a Taylor series in terms of v, Q_and f:

oT,

T, L

oT,
tq :th (VO’QrO’ﬂO)+ v

9

o0,

T,
X2, +
o, o8B

oV +

P+0%(v,Q,,B)+... (35)
o
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where v,,Q,,, 5, are the nominal wind speed, rotor speed and blade pitch angle at the operation point.
ov, &2, and Sf are perturbations (e.g. &2, =Q, —Q,,). The left terms in the equation stands for the

second and higher order terms, which will be neglected in the linearization. The only control input to
this model will be rotor collective pitch £, which means that the pitch angle of each blade is identical.

The perturbation of aerodynamic force can be expressed as

0Ty =Ty (V1Qr1ﬂ)_th (VO’QFO’ﬂO)

T, T, T, (36)
= oV+—— X + of =aodVv+yXd, + Lo
ov Vo aQr Qo aﬂ Bo
The individual partial derivatives of equation(36) can be derived as
o 1 P
ov W o ov |,
0Ty _ 1 R PRy (37)
ag)r Q Qro aglr Q QEO
ol 1 P
9B, Qo B,
Similarly, the partial derivatives of P.in equation(37) can be expressed as
L l,o;rRZIBv(fCF,O +V3 e
o, 2 oA |,
Rl L re el 04 (38)
8Qrgo 2 oA |, aQrQO
OP, _lpﬂszg oC,
Bly, 2 By,
where A is the tip speed ratio, which can be expressed as A = #
For the aerodynamic thrust, it can be linearized with similar methods as torque.
Ty, Ty, Ty,
5Tthr :Tthr (V’Qr'ﬂ)_Tthr (VO’Qrovﬂo) = 831 |v0 oV + ag;hr |Q 0 érzr +a—;ﬂo 5ﬁ (39)

During the above linearization process, there are aerodynamic phenomena omitted. As mentioned earlier,
the aerodynamic coefficients are only valid under the assumption of a steady-state mass flow of the air.
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In reality the mass flow does not settle to a new equilibrium infinitely fast during a transition, and thus
contributions from the dynamics of the fluid (air) should be added to the coefficients. These
contributions are significant and can lead to an aerodynamic damping of the interaction between the
wind and the rotor. If the blades are pitching fast or even oscillating, the actual coefficients might differ
significantly from the quasi-stationary coefficients. Hence, care should be taken not to induce such a
situation during control of the wind turbine.

Moreover, the rotor blades are bended backwards in steady state operation. This means the blades are
not rotational symmetric with regards to their masses and when pitched this gives rise to oscillations in
both blades and tower. This oscillating behavior also disrupts the quasi-stationary assumptions of the
power and thrust coefficients.

And finally as mentioned the wind section, the wind shear is also omitted from the model2.4.2 Structural
Dynamics Linearization

2.3.2 Structural dynamics linearization

2.3.2.1 Electrical generator linearization

The mechanical power of the rotor side will be transferred to electrical generator via the drive train shaft.
The generator imposes an electrical counter torque on the drive shaft and thereby extracts electrical
power. However, due to less than perfect efficiency, such as losses in drivetrain bearings, gearbox etc,
the generator is not able to convert all of the mechanical power to electrical power. The electrical power
can be expressed as

P, =nP, =nQ,Q, (40)
For a linear generator, it can be linearized as

PRyt o
o0Q

910

é§2+ape

S 41
o) Q, (41)

QgO

g0

2.3.2.2 Flexible drivetrain shaft linearization
If the generator and rotor speed states and drive-train torsion state are considered, we have a model with
three states, which are rotor speed Q2 , generator Q2  and the azimuth angle difference between rotor and

generator ¢A . In this case the rotor, generator, drivetrain system can be modeled as a 2-mass, 1-spring,

and 1-damper system. Rotor and generator can be modeled as two mass. However the drivetrain will be
modeled as a spring and damper.
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4

ér:Qr’ ég:Qg’ ¢A:¢r__g (42)
Ng
The equation for rotor and generator can be expressed as equation (43)
| ¢ =T —T
rot¢r ) tq shaft (43)
I gen§¢g = Tshaft _Tgen
Here, T,, is the rotor aerodynamic torque, and T is the reaction torque from the shaft. 1 and I are

the rotor and generator rotational inertia respectively. The shaft force can be expressed as a combination
of stiffness and damping term.

Q

Toar = KgfA+Cy | Q —— (44)
Ng

Let’s assume that we have constant generator torque in region 3, which means that

ST. =0 (45)

gen
Substitute (44) into (43), it can be derived as
Irot(.é.r = th _Tshaft = th (VO’ Qro ) ﬂo ) + 5th - haft, 5Tshaft (46)

S|

Where T, is the shaft torque at equilibrium. Since at equilibrium, rotor acceleration is zero, and

perturbations in aerodynamic torque and shaft torque are zero. Thus
Iroté‘égr = 5th - 5Tshaft (47)

Substituting the expression of disturbance torque and shaft force, we can derive

§ Pe)
| 58 =adv+yX), + (5B —K,54A—C, (&z - } (48)

g

Again, at equilibrium, the generator acceleration is zero. We can use a similar argument as before to
show that at equilibrium, the shaft torque and generator torque are equal. Thus

.. X2
Igen5¢g = 5Tshaft _5Tgen = Kd5¢A_Cd [&r - N 2 J (49)

9

There are two inputs for the system, disturbing wind speed v and disturbing blade pitch angle 65

There are three states in the system. The state space model can be written as
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.I‘ Cd —Cd Kd r ro roi
K, |= _ & |+ 0 |6+ 0 [6v (50)
. I, N I, N I, N
SPA gen’Tg TeenTg Teen o || SgA 0 0
T S .
L Ng i

2.3.2.3 Flexible tower linearization

The thrust exerted by the wind on wind turbine makes the flexible tower to bend fore-aft and side-side.
In this example only the back and forth motion of the nacelle is modeled in simplification. The
displacement of the nacelle from its original position is denoted asq,, where the displacement of the

nacelle in steady state is
0o = Fi / K, (51)
The equation for the tower first fore-aft mode motion can be written:
M.5¢, + C.oq.a+K,0q, =SF, (52)

Since we did not include the blade displacement modes, there is no coupling items equation (52). If the
blade motion is considered there is coupling at mass term, damping term and stiffness term. The state
space model can be written as:

S 0 1 s 0
{;‘} K D L;-“} 1 |oF, 3)
L VRV R Y

t t

For the disturbance of thrust we can substitute the linearization expression equation(39) to get the state
space model.
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Chapter 3 Definition of 5 MW Wind Turbine

In the thesis the NREL 5 MW wind turbine is studied. It is a baseline wind turbine developed by the
National Renewable Energy Laboratory (NREL). It is widely used for control system design and support
structure design. What’s more it is validated by many researchers applying different wind turbine
analysis codes and softwares.

3.1 General aerodynamic and structure properties

The general aerodynamic and structure properties are listed in Table 5. The 3 blade upwind wind turbine
is pitch regulated with rated wind speed 11.4 m/s. The rated power is 5 MW.

Table 5 General Properties of the NREL 5-MW Baseline Wind Turbine
5 MW

Rating

Rotor Orientation, Configuration

Upwind, 3 Blades

Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor Diameter 126 m
Hub Height 90 m

Cut-In, Rated, Cut-Out Wind Speed

3 m/s, 11.4 m/s, 25 m/s

Cut-In, Rated Rotor Speed

6.9 rpm, 12.1 rpm

Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Hub Mass 56,780 kg
Blade Mass 17613kg

3.2 Control system

For the NREL 5-MW wind turbine, a conventional variable-speed, variable blade pitch to feather
configuration is chosen. In such wind turbines, the conventional approach for controlling power-
production operation relies on the design of two basic control systems: a generator torque controller and
a full span rotor collective blade pitch controller. These two control systems are designed to work
independently, for the most part. At the below-rated wind speed range the generator torque controller
works. At the above-rated wind-speed range, the blade pitch controller works. The goal of the generator
torque controller is to maximize power production below the rated operation point. The goal of the blade
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pitch controller is to regulate generator speed above the rated operation point, since there are limitations
for generator speed due to noisy.
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Figure 10 Torque versus speed response of the variable speed controller (J. Jonkman 2009)
Baseline Generator-Torque Controller

The generator torque is computed as a tabulated function of the filtered generator speed, incorporating
five control regions: 1, 1%, 2, 2%, and 3. Region 1 is a control region before cut-in wind speed, where
the generator torque is zero and no power is extracted from the wind; instead, the wind is used to
accelerate the rotor for start-up. Region 2 is a control region for optimizing power capture. Here, the
generator torque is proportional to the square of the filtered generator speed to maintain a constant
(optimal) tip-speed ratio. In Region 3, the generator power is held constant so that the generator torque
is inversely proportional to the filtered generator speed. Region 1%, a start-up region, is a linear
transition between Regions 1 and 2. This region is used to place a lower limit on the generator speed to
limit the wind turbine’s operational speed range. Region 2% is a linear transition between Regions 2 and
3 with a torque slope corresponding to the slope of an induction machine. Region 2% is typically needed
(as is the case for my 5-MW turbine) to limit tip speed (and hence noise emissions) at rated power.

Baseline Blade Pitch Controller

The baseline blade pitch controller works in Region 3, which is computed using gain-scheduled
proportional-integral (PI) control. The proportional coefficient is proportional to the speed error between
the filtered generator speed and the rated generator speed. The integral coefficient is proportional to the
integral of speed error between the filtered generator speed and the rate generator speed. We designed
the blade-pitch control system using a 1 DOF model of the wind turbine. This DOF is the angular
rotation of the shaft.
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3.3 Definition of modeling errors

The linearization model is an approximate of nonlinear model. There can be many simplifications. There
are two main simplifications. One is that linear model only includes partly DOFs. The other is
linearization at one operation point. That means the total error includes both error due to not enough
DOF and error due to linearization. Therefore it is valuable to investigate their influence to the modeling
error.

Figure 11 illustrates the definition and relationship of different kind of errors. The total modeling error is
the difference between nonlinear full DOF model and linear part DOF model. In order to investigate the
two parts of error separately, the nonlinear model with part DOF is introduced. The error between
nonlinear full DOF model and nonlinear part DOF model is the error due to lack of DOFs. While the
error between linear part DOF model and nonlinear part DOF model is the error due to linearization
process.

Nonlinear Full DOF o
Model Error due to DOFs
S Nonlinear Part DOF
Total Error Model

Linear Part DOF Model Aﬂe to linearization

Figure 11 Definition and Relationship of Errors

The meaning of investigate errors are: The objective of an optimal system is to provide control
capability with a minimum number of required measurements.
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Chapter 4 Modeling Error Due to limited number of DOFs

In this chapter, the influence of DOFs will be analyzed with focus put on which DOFs are more
important. Therefore, we can model the linear state space model with the most important DOFs involved
and without losing much accuracy. The importance of a DOF depends on which variable we care most.
For example, if we would like to study the blade properties, the DOFs related to blade modes would be
important. While if we focus on the tower response, the importance of tower bending modes will
increase. In addition, it may not be possible to obtain all the measurements due to the limitation of time
and money. For example, the measurements of blade deflections can be obtained in some wind turbines,
while for other wind turbines tower top bending moment can be acquired. In order to make the
investigation to be widely applicable, different properties of wind turbine are studied. The variables are
grouped into three categories. The first group includes properties related to wind turbine power
production. The second group is related to blade properties, such as blade tip deflection and root bending
moment. The third group is tower top bending moments. The detailed description is shown in Table 6.
All the following study will analyze quantities listed below.

Table 6 Quantities related to ice-detection

Unit
Gen Power kw Generator power
Power Gen Torque kN Generator torque
production Blade Pitch deg Blade collective pitch angle
Rotor Speed rpm Rotor speed
OoPDefl1 m Blade 1 tip out-of-plane deflection
IpDefll m Blade 1 tip in-plane deflection
Blade RootMxcl KNm Blade 1 root in-plane bending moment
RootMycl kKNm | Blade 1 root out-of-plane bending moment
RootMzcl KNm Blade 1 root torsion moment
RotThrust kN Rotor thrust
YawBrMxp KNm Tower top side-side bending moment
Tower YawBrMyp KNm Tower top fore-aft bending moment
YawBrMzp KNm Tower top torsional moment
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Six cases which include different DOFs are investigated and the results are compared with full DOFs
nonlinear model. Table 7 lists the cases as well as the corresponding DOFs. For power production, the
generator DOF is the most important, therefore it is included in all the cases. Case number 2 aims to
investigate the influence of flexibility in the drivetrain on the wind turbine power production. The
drivetrain DOF accounts for drivetrain flexibility associated with torsional motion between the generator
and the hub/rotor. Cases 3 and 4 are designed to study the blade 1% flap wise and edge wise influence on
power production and blade properties. Similarly, the aim of cases 5 and 6 is to have a better
understanding of the influence of tower 1* fore-aft and side-side mode on power production and bending
moment. Finally, the case where all 18 DOFs are active is a reference. This means it includes all the 2"
modes.

Table 7 Definition of Cases with different DOFs

Case | DOF 1 | DOF2 | DOF 3 | DOF 4 | DOF 5 | DOF 6 | DOF all
Variable | DOF 1+ | DOF 2+ | DOF 3+ | DOF 4+ | DOF_5+ | DOF 6+
DOF | generator | Drivetrain | 1% Blade | 1% Blade |1® Tower | 1% Tower | Second
speed rotation flap edge Fore-aft | side-side order

In order to have a detail study about the influence of different DOFs, an above rated wind speed case is
analyzed. Figure 12 displays the time series and spectrum of wind speed. The 10 minutes average wind
speed is 18 m/s. The wind speed ranges from 14 m/s to 22 m/s, which are all above rated wind speed.
For below-rated wind speed cases, they will be individually analyzed in Chapter 9.
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Figure 12 Wind speed time series (left) wind speed spectrum (right)

The following part of this section will analyze the L, error of varies quantities between nonlinear model
with part DOFs and nonlinear model with full DOFs.
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4.1 Natural frequency analysis

For the wind turbine dynamic system, natural frequency analysis is helpful to have a better
understanding of the system and will be referred to in the later analysis of this Chapter. The natural
frequencies and eigenmodes are determined under free vibration condition. For the undamped system
the governing equation can be written as

MAG+KAQ=0 (54)
To find the natural frequencies of the system, the following determinant should be set to zero:

det| -’M +K |=0 (55)

Undamped natural frequencies can be found by finding the eigenvalues of the matrix KM . The normal

modes of the free vibrations can be found by searching for the eigenvectors of the matrix KM ™. For the
wind turbine system in this study, the damping has little influence and can be neglected.

In order to carry out quantitative analysis, it is necessary to non-dimensionalize the mode shape
magnitude of each DOF in order to ensure that the magnitude of the entire mode shape has the same
units (here they are all in unit of radians). All rotational DOFs already have the units of radians, but the
tower deflection, and blade deflection DOFs have the units of meters. They are rescaled with respect to
individual characteristic length.

The calculated natural frequencies and corresponding non-dimensional mode shapes are shown in Table
8 and Table 9. The first column in the tables is the state quantities included, and the second column
gives the scaling parameter for non-dimensionalization. The rest 16 columns in the tables are the natural
frequency and modes. Since the different quantities in a mode are already non-dimensionalized, they can
be directly compared. Roughly speaking, a larger non-dimensional magnitude of a state quantity in a
certain mode may indicate that this degree of freedom is the main cause of that natural mode. These
information can be significant helpful to analysis the behavior of a wind turbine model. For each natural
mode in the tables, the state quantity with the largest non-dimensional magnitude is found and marked
red.

Table 8 Natural frequency and mode shape magnitude

Mode No. 1 2 3 4 5 6 7 8
Nat“(ﬁ'z)':req 0.00061 | 0.32105 | 0.32447 | 0.66148 | 0.67045 | 0.69131 | 1.07760 | 1.09292
. Mag Mag Mag Mag Mag Mag Mag Mag
States | Scaling | ) (rad) (rad) (rad) (rad) (rad) (rad) (rad)
1sttower F-A | 0.0114 | 1.86E-08 | 1.13E-04 | 3.63E-03 | 5.55E-06 | 1.37E-05 | 5.35E-05 | 4.43E-06 | 1.90E-06
1st tower S-S | 0.0114 | 7.09E-08 | 4.90E-03 | 9.20E-05 | 3.67E-06 | 3.56E-06 | 1.30E-06 | 3.89E-06 | 2.00E-05
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2sttower F-A | 0.0114 | 241E-11 | 1.81E-08 | 4.24E-08 | 1.92E-07 | 5.62E-07 | 2.17E-07 | 2.43E-07 | 1.68E-07
2sttower S-S | 0.0114 | 254E-10 | 1.62E-06 | 3.35E-08 | 4.87E-08 | 1.67E-08 | 1.36E-08 | 2.54E-08 | 1.08E-07
Nacelle Yaw | 1.0000 | 1.30E-07 | 4.06E-05 | 1.60E-06 | 6.31E-05 | 2.09E-05 | 1.62E-06 | 1.69E-05 | 2.24E-05
Gen DOF 1.0000 | 8.96E-01 | 8.02E-03 | 1.63E-05 | 8.92E-06 | 2.27E-05 | 1.43E-04 | 6.18E-06 | 3.24E-05
Drivetrain 1.0000 | 2.84E-07 | 1.87E-04 | 3.76E-07 | 8.85E-07 | 2.32E-06 | 1.56E-05 | 1.62E-06 | 8.77E-06
IstflapB1 | 0.0163 | 7.38E-07 | 1.90E-04 | 3.87E-03 | 1.13E-04 | 4.55E-04 | 3.53E-03 | 2.09E-05 | 6.34E-06
Istflap B2 | 0.0163 | 3.04E-03 | 9.08E-04 | 3.04E-03 | 1.21E-03 | 3.53E-03 | 9.00E-04 | 4.64E-05 | 1.97E-04
Istflap B3 | 0.0163 | 7.57E-04 | 5.94E-04 | 1.54E-04 | 3.60E-03 | 1.19E-03 | 9.23E-05 | 2.03E-04 | 5.92E-05
1stedge B1 | 0.0163 | 1.47E-07 | 1.21E-04 | 2.56E-04 | 6.10E-06 | 2.33E-05 | 1.67E-04 | 7.36E-07 | 4.02E-06
1stedge B2 | 0.0163 | 6.47E-03 | 1.49E-03 | 1.97E-04 | 2.22E-05 | 6.52E-05 | 1.08E-05 | 4.40E-04 | 2.28E-03
1stedge B3 | 0.0163 | 5.39E-05| 4.19E-05 | 2.35E-04 | 6.48E-05 | 2.14E-05 | 2.25E-05 | 2.31E-03 | 4.30E-04
2stflapB1l | 0.0163 | 4.00E-08 | 2.04E-05 | 2.65E-04 | 6.27E-07 | 5.13E-06 | 1.34E-04 | 6.40E-06 | 2.58E-06
2stflapB2 | 0.0163 | 7.38E-04 | 1.69E-04 | 7.53E-05 | 3.14E-05 | 9.13E-05 | 4.02E-05 | 4.60E-05 | 2.34E-04
2stflap B3 | 0.0163 | 7.78E-05 | 2.59E-05 | 2.62E-05 | 8.81E-05 | 2.91E-05 | 4.16E-06 | 2.35E-04 | 4.55E-05
Table 9 Natural frequency and mode shape magnitude (continued)

Mode No. 9 10 11 12 13 14 15 16

Nat%ﬁlz)':req 1.69573 | 1.91310 | 1.92058 | 2.00750 | 2.91633 | 2.95361 | 3.92761 | 6.14209
States Scaling Pr/laa:j% z\r/l a&:j% ?r/laa(lj% Mag (rad) ?r/laa(lj% E\r/l aii% E\r/l aii% z\r/l a&:j%

1st tower F-A | 0.0114 | g65E-07 | 3.01E-06 | 1.24E-06 | 9.33E-06 | 2.16E-08 | 7.23E-08 | 7.54E-08 | 3.10E-09
Isttower S-S | 0.0114 | 630E-06 | 3.60E-07 | 5.12E-07 | 3.98E-08 | 8.03E-08 | 1.86E-08 | 5.14E-07 | 3.48E-07
2st tower F-A | 0.0114 | 1 25F-08 | 1.12E-06 | 4.60E-07 | 1.39E-07 | 4.33E-06 | 2.41E-07 | 4.39E-09 | 2.65E-10
2st tower S-S | 0.0114 | 1 65E-06 | 4.08E-08 | 9.32E-08 | 3.17E-08 | 1.35E-07 | 6.08E-06 | 6.42E-07 | 5.09E-08
Nacelle Yaw | 1.0000 | 127E-05 | 3.21E-05 | 7.52E-05 | 4.95E-07 | 1.41E-07 | 6.06E-06 | 1.11E-05 | 2.04E-04
Gen DOF 1.0000 | 2.22E-03 | 1.49E-06 | 1.84E-06 | 2.53E-05 | 4.68E-07 | 1.18E-05 | 1.90E-04 | 3.43E-06
Drivetrain 1.0000 | 1.46E-03 | 1.24E-06 | 1.55E-06 | 2.32E-05 | 6.70E-07 | 3.39E-05 | 6.67E-04 | 3.07E-05
IstflapBl1 | 0.0163 | 265E-04 | 3.85E-06 | 1.60E-06 | 8.28E-05 | 3.70E-05 | 1.82E-04 | 1.41E-04 | 1.42E-06
IstflapB2 | 0.0163 | 335E-07 | 1.02E-04 | 4.24E-05 | 3.54E-06 | 5.94E-04 | 4.97E-05 | 1.86E-06 | 1.05E-05
IstflapB3 | 0.0163 | 2.36E-06 | 3.88E-05 | 9.17E-05 | 7.87E-07 | 2.17E-05 | 9.64E-05 | 2.83E-05 | 3.45E-04
Istedge B1 | 0.0163 | 1.49E-03 | 9.03E-06 | 5.28E-06 | 1.78E-04 | 3.41E-05 | 8.31E-04 | 6.37E-04 | 6.50E-06
Istedge B2 | 0.0163 | 4.92E-06 | 1.45E-04 | 6.53E-05 | 1.86E-05 | 1.60E-04 | 6.69E-05 | 1.21E-05 | 4.66E-05
Istedge B3 | 0.0163 | 112E-06 | 6.70E-05 | 1.47E-04 | 4.67E-06 | 9.08E-05 | 3.11E-05 | 6.30E-06 | 7.14E-05
2stflapBl | 0.0163 | 1.29E-04 | 6.49E-05 | 2.93E-05 | 1.26E-03 | 7.18E-05 | 1.07E-04 | 7.58E-05 | 7.37E-07
2stflapB2 | 0.0163 | 1.22E-06 | 1.22E-03 | 4.97E-04 | 1.48E-04 | 6.24E-04 | 4.91E-05 | 1.51E-06 | 7.24E-06
2stflapB3 | 0.0163 | 4.35E-06 | 5.26E-04 | 1.23E-03 | 5.09E-06 | 1.90E-05 | 1.02E-04 | 2.21E-05 | 2.26E-04
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4.2 Power production properties

Figurel3 shows the time series and spectrum of power. It can be seen that the power is around 5000 kW,
and there is no significant difference between the cases in both time series and spectrum. From the
spectrum it can be seen that most of the responses are focused at wind frequency. The spectrum at low
frequency is consistent with wind spectrum. That indicates the wind speed is the dominant factor for
power production properties. For different case there is no difference on peak frequencies, however with
difference on peak amplitude. The main difference lays in peak value at around 1.7 Hz. From modal
analysis in Table 8 and Table 9, it can be seen that 1.7 Hz frequency is much influenced by generator
DOF. With more DOFs included, such as blade and tower mode, the generator DOF response can be
estimated more accurately. For other quantities related to power production, such as generator torque
blade pitch and rotor speed, the trend of time series and spectrum is similar to that of generator power,
Therefore, they are not be analysis in detail and the figures of time series and spectrum are in the
appendix Al.
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Figurel3 Time series of power (left) Spectrum of power (right)

Table 10 displays the error of mean value for power. It should be noted that the error of mean value at
different DOFs are all positive, which means cases with less DOFs have larger power production. That
may due to no flexible structures influence the wind energy.

Table 10 Mean value error at different DOFs of power
DOF 1 | DOF 2 | DOF 3 | DOF 4 | DOF. 5 | DOF 6
Error 0.0271 0.0286 0.0013 0.0030 0.0027 0.0011

In order to show the accuracy of models with different DOFs more clearly, we hereby calculate the L2
error for different DOF cases. Figure 14 displays the L, error of power, torque, pitch and rotor speed at
different DOFs. The changing trend of these plots is similar, i.e. the errors decrease monotonously with
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the increase of DOFs. It should be noted that the L, error is already smaller (smaller than 1%) even if
only 1 DOF used. This means the oscillations of the blades and tower will not have much impact on the
power production. However, for the purpose of ice-detection at the start stage, the model with only 1
DOF may be not accurate enough. Therefore, the following analysis will be focused on how the rest
DOFs influence the results.

The L, error does not change from DOF 1 to DOF 2, which means the drivetrain flexible DOF does not
influence the results, which can be neglected. If the blade 1% flapwise mode is opened from DOF 2 to
DOF 3, the L, error will drop dramatically to half of the value. The reason may be that the flapwise tip
motion range of blades is relatively large (about 3 meters). The large deflection changes the relative
wind speed and converts the wind kinetic energy to structure elastic potential energy. As a result it is
important to include blade flapwise motion to achieve more accurate power production property. The
next case DOF 4 include blade edgewise motion, where the L, error decreases a little. That indicates
blade edgewise DOF is less important than flapwise motion. One possible reason is that the stiffness of
blade at edgewise direction is much larger than flapwise. Therefore, the motion range of edgewise is
much smaller (about 1 meter). The influence of power production is also small. Another error drop
occurs when tower fore-aft motion is include in DOF 5. That means tower fore-aft mode has much
influence on the power production properties. The reason is similar to that of blade flapwise mode.
Although the stiffness of the tower at all directions is the same, the motion face wind direction is larger
due to the thrust in wind direction. It can be conclude that the tower fore-aft mode is the second most
important DOF to be included to get accurate power production properties. At last the errors of DOF 6
are at a very small level, no more than 0.1%, which means second order modes almost have nothing to
do with power production properties. That would be proper to neglect the second order mode DOFs.
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Figure 14 L, error of power production properties under different DOFs
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4.3 Blade properties

Blade properties include blade deflection and bending moment. Firstly the blade out-of-plane deflection
and the corresponding bending moment are analyzed. Table 11 shows the L, error of blade out-of-plane
deflection and bending moment under different DOFs. The blade is considered as a rigid body for DOF
1 and DOF 2, so there is no deflection at all. As a result the L, error is 100%. For DOF 3 blade out-of-
plane deflection is included. The error drops dramatically from 100% to about 10%. As more DOFs are
included, the error doesn’t drop much. In case DOF 6, with all the first order DOFs included and second
order DOFs neglected, the error is still relatively large at about 8%. That means the flapwise deflection
is influenced by second order mode of blade and tower. The blade root bending moment at y direction is
induced by forces aligned with the blade flapwise and tower fore-aft motions. Therefore, it is influenced
by blade out of plane deflection most, since there is large drop of errors from DOF 2 to DOF 3.
Moreover, the tower fore-aft DOF also plays an important role, since there is large drop of errors from
DOF 4 to DOF 5.

Table 11 L, error of blade out-of-plane deflection and bending moment under different DOFs

Error[%] | DOF 1 | DOF 2 | DOF_3 | DOF 4 | DOF 5 | DOF_6
OoPDefll | 100.00 | 100.00 | 1056 | 8.47 7.67 7.67
RootMycl | 1024 | 1027 | 3.62 3.31 1.13 1.12

The time history and spectrum of out of plane deflection and bending moments are shown in Figure 15
and Figure 16. From the time series it can be seen that the oscillation trends of different cases are similar.
There is positive offset of both deflection and moment. From the spectrum it can be seen that case DOF
3 has much higher peak at 0.2 Hz than others, which means the first-order flapwise deflection and
bending moment are greatly influenced by gravity. However gravity should have the most influence on
edgewise deflection and moment theoretically. The reason might be that the gravity influence to edge
wise will transfer to flapwise, since the blade flapwise and edgewise deflection are coupled by twist.
That means that the edge wise deflection should be included as well to get a relatively accurate flapwise
deflection and moment. Besides the rotational frequency 0.2 Hz, another dominant frequency is the wind
frequency (low frequency). For the bending moment, there are also peaks at frequencies of 0.4 Hz, 0.6
Hz, 0.8 Hz, 1.0 Hz and 1.2 Hz induced by tower shadow effects. Each time the blades pass by the tower,
there will be a change of motion and moment due to the change of wind field around the tower. It should
be noted that bending moment of DOF 1 (blue line) has high response at higher frequencies, since there
is no deflection in blade flapwise DOF, forces acting on rigid body are larger than that of flexible one.
There are peaks induced by tower shadow for out of plane deflection as well, however it is not such
significant.
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Figure 16 Time series (left) and spectrum (right) of blade 1 root out-of -plane bending moment

Table 12 shows the L, error of blade in-plane deflection and bending moment under different DOFs.
Again, since the blade is considered as a rigid body in DOF 1 and DOF 2, there is no deflection at all.
As a result the L, error is 100%. For the next case the blade out-of-plane deflection is included. The
error drops dramatically from 100% to about 50%. Moreover the in-plane deflection DOF is another
critical reason in decreasing errors from about 50% to about 5%. The blade root bending moment at x
direction is induced by forces aligned with blade in-plane deflection DOF. Therefore it is influenced by
blade in-plane deflection most.

Table 12 L, error of blade in- plane deflection and bending moment under different DOFs
Error[%] DOF_1 | DOF_2 | DOF_3 | DOF_4 | DOF 5 | DOF_6
IpDefll 100.00 | 100.00 | 46.32 5.82 4.95 4.95

RootMxc1 3.27 3.45 2.70 1.50 1.11 1.09
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The time history and spectrum of in-plane deflection and bending moments are shown in Figure 17 and
Figure 18. From the time series it can be seen that there is a negative offset in deflection and positive
offset in bending moment mainly induced by the lift force acting on the blade. The oscillation is mainly
due to the gravity effect which can be verified in the spectrum with high peak in 0.2 Hz. The time series
of different cases in bending moment match well in the rotational frequency of 0.2 Hz. For the two
spectrums, there is a peak in the response at 0.2 Hz, which means the gravity has the most influence on
the in-plane deflection. This influence is much larger than wind frequency. All the cases with different
DOFs can capture the rotational frequency 0.2 Hz correctly. The main difference of different cases is the
peak value. The more DOFs are considered, the more accurate of the result becomes.
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Figure 17 Time series (left) and spectrum (right) of blade 1 in-plane deflection
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Figure 18 Time series (left) and spectrum (right) of blade 1 root in-plane bending moment

Table 13 shows the L, error of blade torsional moment under different DOFs. It can be seen that the
blade torsional moment is influenced by the blade in-plane DOF most (from DOF 3 to DOF 4). Flexible
tower has a little influence (from DOF 4 to DOF 6). Figure 19 shows the time series and spectrum of
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blade root torsional moment. The blade torsional moment is induced by both aerodynamic force and
gravity. The aerodynamic lift and drag forces contribute to the mean value of torsional moment, which
can be seen in the time series there is a negative offset. The aerodynamic force frequency is consistent
with wind frequency, and cases with different DOFs match well at wind frequency. However for gravity
induced torsional moment, large error occurs when blade is considered rigid. Therefore the blade 1°
order DOFs must be included to achieve a relatively accurate result.

Table 13 L, error of blade torsional moment under different DOFs
Error[%] DOF 1 | DOF 2 | DOF 3 | DOF 4 | DOF 5 | DOF 6
RootMzc1 44.89 44 .87 35.97 5.45 2.33 2.34
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Figure 19 Time series (left) and spectrum (right) of blade 1 root torsional moment

Figure 20 shows the L, error of blade properties under different DOFs as a summary, the overall trend of
quantities is similar. At the first four DOFs, the L, error decreases significantly. And as more DOFs are
included, the L, errors become stable at a relatively low level. However for each quantity, the decrease
range of L, error is quite different.
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Figure 20 L, error of blade properties under different DOFs
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4.4 Tower properties

Tower properties include rotor thrust and tower top bending moment. Firstly the thrust is analyzed.
Table 14 shows the L, error of rotor thrust under different DOFs. The error drops dramatically from
DOF 4 to DOF 5, which indicates that the tower fore-aft DOF has the largest effect. Another drop of L,
error occurs from DOF 2 to DOF 3, which means the blade out-of-plane DOF has the second largest
effect. That is reasonable since a flexible tower and blade will change the relative wind velocity, then
changing the aerodynamic force. The error can be less than 1% at DOF 6, so 2" order DOFs do not have
much influence. Figure 21 displays the time series and spectrum of rotor thrust. From time series in
Figure 21, it can be seen that the low frequency of different cases match well, while difference occurs in
high frequency. Look into spectrum, wind frequency is dominant. There is a significant peak at about
0.3Hz, corresponding to the 1% tower bending mode. For case DOF 1 (blue line), the peaks of high
frequency are larger than others. That means the differences between rigid and flexible blade and tower
focus on high frequency part. For a more accurate rotor thrust response in high frequency, the blade and
tower DOF can be included.

Table 14 L, error of rotor thrust under different DOFs
Error[%] | DOF_1 | DOF 2 | DOF 3 | DOF_4 | DOF 5 | DOF_6
RotThrust 8.14 8.17 5.40 5.27 0.96 0.95
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Figure 21 Time series (Left) and spectrum (Right) of rotor thrust

The L, errors of tower top side-side bending moment under different DOFs are all very small, as shown
in Table 15. Figure 22 shows the time series and spectrum of tower top side-side bending moment. Even
with only 1 DOF included, the model is very accurate. One possible reason is that tower top side-side
bending moment is mainly induced by torque, which is little influenced by the flexibility of blades and
tower. Therefore the dominant frequency is wind frequency, as shown in the spectrum in Figure 22. At
low frequencies, the time series as well as spectrum of different cases match well. Similar to power
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production property, the peaks of different cases at frequency around 1.7 Hz are different. The reason is
also similar to that of power production, as previously explained.

Table 15 L, error of tower top side-side bending moment under different DOFs
Error[%] DOF_1 | DOF 2 | DOF_3 | DOF_4 | DOF 5 | DOF_6
YawBrMxp 2.19 2.65 2.03 1.96 1.94 1.70
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Figure 22 Time series (Left) and spectrum (Right) of tower top side-side bending moment

Table 16 shows the L, error of tower top fore-aft bending moment under different DOFs. The tower top
fore-aft bending moment is mainly induced by thrust force, which influenced by tower fore-aft and blade
out-of-plane DOFs most. In case DOF 6, the error is about 8%, which means 2™ order DOFs have
significant influence. From the time series and spectrum in Figure 23, it can be seen that the cases with
different DOFs don’t match well with each other in high frequencies. Wind frequency has some
influence. However the dominant frequencies are 0.3Hz, 0.6Hz, 1.2Hz, 1.8Hz and 2.4Hz. From the
natural frequency analysis in section 4.1, it can be seen that 1 tower fore-aft and blade flapwise DOFs
have most influence around 0.3 Hz. If blade and tower is considered flexible the response at about 0.3
Hz can be captured. Therefore error decreases significantly. Obviously blade rotational and tower
shadow effect is significant, since the peak at 0.6Hz is the largest. The reason can be explained as
follows. The rotational frequency is 0.2Hz. For a 3 blade wind turbine, each time one blade pass by the
tower, the aerodynamic force will change. Therefore the total thrust force will has a frequency at 0.6Hz
and the thrust induced tower bending moment has a change of 0.6Hz as well. Moreover tower top fore-
aft bending moment is influenced by not only thrust force but also the arm of force. The imbalanced
force acting on blade will cause a 0.6Hz change in the thrust force arm and that is exactly in phase with
the thrust force. As a result the integrated influence is at 0.6 Hz.
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Table 16 L; error of tower top fore-aft bending moment under different DOFs
Error[%] DOF_1 | DOF_2 | DOF_3 | DOF_ 4 | DOF 5 | DOF_6
YawBrMyp | 49.04 49.46 34.14 31.57 8.39 8.06
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Figure 23 Time series (Left) and spectrum (Right) of tower top fore-aft bending moment

Table 17 shows the L, error of tower top torsional moment under different DOFs. It can be seen that the
L, error of tower top torsional moment is greatly influenced by blades and tower flexibility much, since
there are relatively large drops of errors from DOF 2 to DOF 3 and from DOF 4 to DOF 5. The torsional
moment is induced by the unbalanced aerodynamic force in out-of-plane direction. Therefore any factor
that influences aerodynamic force has an influence on torsional moment. Figure 24 displays time series
and spectrum of tower top torsional moment. From the time series it can be seen that cases of different
DOFs match well at low frequency and the difference occur at high frequencies. From the spectrum it
can be seen that the frequencies where peaks occurs are similar with that of tower top fore-aft bending
moment. For the torsional moment, 0.6Hz is definitely the most significant frequency for 3 blades
turbine rotating at 0.2 Hz since the torsional moment is closely related with the position of blades. Other
frequencies that are multiples of 0.6Hz are induced by the combination of rotor rotation and the tower
shadow effect. However these peaks are not that large.

Table 17 L, error of tower top torsional moment under different DOFs
Error[%] | DOF_1 | DOF 2 | DOF 3 | DOF_4 | DOF_5 | DOF 6
YawBrMzp 11.85 11.94 7.69 5.88 4.27 4.13
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Figure 24 Time series (Left) and spectrum (Right) of tower top torsional moment

Figure 25 shows the L, error of tower properties under different DOFs as a summary, the overall trend
of quantities is similar. At the first four DOFs, the L, error decreases significantly. While as more DOFs
included, the L, errors become stable at a relatively low level. However the error levels are quite
different. Specifically, tower top fore-aft bending moment has the largest error, which means it is
sensitive to DOFs. It is influenced much by not only 1% order modes but also 2" order modes. The L,
error of the tower top torsional moment has the second largest value, stable at about 4%. The L; error of
rotor thrust and tower top fore-aft bending moment is quite small at case 6, around 1%.

50%; :
——RotThrust
——YawBrMxp
04 H
40% ——YawBrMyp
——YawBrMzp
5 30%¢ ]
i
N 20%} ]
% !
T
. ~ 1
0 % . H H
1 2 3 4 5 6

Case of DOFs

Figure 25 L, error of tower properties under different DOFs
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4.5 Summary

Although all the DOFs have some influence on the modeling accuracy, their importance can be different
for a certain quantity. Table 18 lists the most and second most important DOF for different quantities. In
order to achieve a better modeling accuracy, the DOFs listed in the table are strongly suggested to be
included.

Table 18 The most and second most important DOF for different quantities

Most Important DOF 2" Most Important DOF

Gen Power Blade Flap Tower Fore-aft

Gen Torque Blade Flap Tower Fore-aft

Blade Pitch Blade Flap Tower Fore-aft

Rotor Speed Blade Flap Tower Fore-aft
OoPDefl1 Blade Flap Blade Edge
IpDefll Blade Flap Blade Edge
RootMxcl Blade Edge Blade Edge

RootMycl Blade Flap Tower Fore-aft
RootMzcl Blade Edge Blade Flap
RotThrust Tower Fore-aft Blade Flap

YawBrMxp Blade Flap Tower Side-side
YawBrMyp Blade Edge Blade Flap
YawBrMzp Blade Flap Blade Edge
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Chapter 5 Modeling Error Due to Linearization

Error due to linearization is an important part of the total modeling error. As introduced in section 3.3,
the error between linear model with part DOF and nonlinear model with the same DOFs is the error due
to linearization process. In this chapter we aim to find the most efficient way to minimize error due to
linearization. The linearization error is influenced by both number of operation points and interpolation
method.

In this chapter, the same wind case as Chapter 4 is studied as shown in Figure 26. The range of wind
speed is from 14m/s to 22m/s, and the 10 minutes mean wind speed is 18m/s. Noted that all the cases in
this chapter have the same number of DOFs: DOF 6.
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Figure 26 Time series of wind speed

5.1 Number of operation points

Each linearization is about one operation point as introduced in chapter 2. If the wind speed is far from
the operation point, the estimation will be inaccurate. It is important to investigate within what range an
operation point works well. In this study, 5 cases are investigated, where the number of operation points
is 1,2, 3,5and 9. The corresponding wind speeds are listed in Table 19.

Table 19 Details of operation points

No. of OP. 1 2 3 5 9

14, 16, 18, 14, 15, 16, 17, 18,

OP.[m/s] 18 17,19 16, 18, 20 20, 22 19, 20, 21, 22

If more than one operation point is chosen, the weight, also known as interpolation method, should be
determined as well. In this study the linear interpolation method is applied first. The following figures
display the choice of operational points and the weight function shape.
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Case 1: 1 operation point 18m/s

\ | |
14 18 22

Case 2: 2 operation point 17m/s and 19m/s

\ > \

14 17 18 19 22

Case 3: 3 operation point 16m/s, 18m/s and 20m/s

> <

14 16 18 20 22

Case 4: 5 operation point 14m/s, 16m/s, 18m/s, 20m/s and 22m/s

> oL >

14 16 18 20 22

Case 5: 9 operation point 14m/s, 15m/s, 16m/s, 17m/s, 18m/s, 19m/s, 20m/s, 21m/s and 22m/s

XXX

14 15 16 17 18 19 20 21 22

Figure 27 shows the flow chart of the calculation steps of applying two operation points as an example.

Step 1: At time step n, the input to the state space model is the perturbing wind speed generator torque
and blade pitch with respect to different operation points.

Step 2: Substitute inputs into the discrete state space equation Ax.,, = AAX, + BAu, . The perturbing

states of next time step Ax_,, can be determined.

n+1

Step 3: This step is aim to do the weight average of the state at two OP, where the weights
corresponding to the linear interpolation function. It should be noted that the states obtained from state
space equation are the fluctuating from operation points. Therefore the true states can be determined by
sum up the states operation point and the state fluctuating.
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Step 4: With the perturbing input of time n+1 and states of time n+1, the calculation of next time step
can be obtained. It should be noted that the states perturbing of each system for next time step are the
true states deduct the corresponding operation points of states.

Uep |
Xop
—>{ax —dax s Bauf—> | Ax “

Bitch Waight

Averags

Operati

Point 2

Figure 27 Linearization step of two operation points

With all the inputs and weight averaged states, the output disturbance, such as power production, blade
and tower properties can be determined using Ay, ., = CAX, + DAu, . The final outputs are summation of

disturbances and operation point valuesy, , =y, +Ay, ;. It should be noted that the operation point may

change with the azimuth angle. For power and rotor speed the operation point does not change with
azimuth angle, they are constant as 5SMW and 12.1 rpm respectively under wind speed 18 m/s. However
for quantities, such as in-plane deflection, blade and tower bending moment, the operation points change
with azimuth angle. Figure 28 shows the OP of blade in-plane deflation and tower fore-aft bending
moment as an example. The OP of other quantities is shown in the appendix A2. For the in-plane
deflection, the offset is due to aerodynamic force and the sine shape variation is induced by gravity. For
the tower fore-aft bending moment, there are three significant peaks due to 3 blades. The OP under
different wind speed is quite different, while they have similar trend.
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Figure 28 Blade in-plane deflation and tower fore-aft bending moment OP at different azimuth

5.1.1 Power production properties

Figure 29 displays the trend of L, error for different numbers of OPs. Overall the error of power is larger
than that of rotor speed at all cases. It can be concluded that for power and rotor speed, the L2 error
decreases as the No. of OP increases. Theoretically if there is infinite number of operation points, the
linearization error will be zero. The two dashed lines represent the error due to DOFs (6 DOFs), blue
dashed line for power and red dashed line for rotor speed. It is clear that the error due to DOFs is much
smaller compared to the linearization error. Therefore the dominant error is linearization error, and the
most efficient method to decrease error is to use more operation points.
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Figure 29 L error of power and rotor speed under different No. of OP.

Figure 30 displays the time series of power and error under different No. of OP, it can be seen that for
most time all of the cases match well. However there is large deviation at some time segments. The time
series of error show that large error will not occur at cases with more OP, which means increasing the
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No. of OP is efficient for reducing errors. This phenomenon demonstrates that the error due to
linearization will decrease if the disturbance is small. Applying more operation points can make
quantities not far away from the operation points. In terms of rotor speed, time series of error
distribution are similar.
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Figure 30 Time series of power (left) and error (right) under different No. of OP

5.1.2 Blade properties

Figure 31 displays L, error of blade properties under different No. of OP. Overall blade in-plane
deflection has the largest linearization error, while blade out-of-plane bending moment has the smallest
error level. The errors of more than one OP are all no more than 3%, which means the error due to
linearization is not large. This can be seen in Figure 31. We take blade out-of-plane deflection as an
example. Figure 32 shows the time series and spectrum of blade out-of-plane deflection at different No.
of OP. All cases with different No. of OP match well in both time series and spectrum. The time series
and spectrum of other blade quantities are similar, which are displayed in the appendix A3. It seems that
increasing No. of OP does not make much difference. That indicates the dominant factor that induces
linearization error is not the number of operation points. Simplification of physical phenomenon induces
the error.

The separated dashed lines in Figure 31 display the corresponding error due to DOFs. It is clear that the
error due to DOFs is much larger than linearization error for blade out-of-plane deflection (blue dash
line) and in-plane deflection (red dashed line). That means some important phenomenon are neglected
due to not enough DOFs, and the most efficient way to decrease error is to include more DOFs. In
contrary, the errors due to DOFs of blade root bending moment are quite small, around 1%. Therefore
for these two quantities the dominant error is linearization error, and the most efficient method to
decrease error is to use more operation points.
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Figure 32 Time series and spectrum of blade out-of-plane deflection at different No. of OP

5.1.3 Tower properties

Figure 34 shows the L, error of tower properties under different No. of OP. In terms of tower top
bending moment, increasing the number of operation points will increase the L, error. For tower top
fore-aft and side-side bending moment, the L, error increases dramatically to more than 30%. Therefore
if the tower top bending moment is set as criterions, only one OP can be used to minimize the error due
to linearization. The linearization error at 1 OP should be compared with error due to DOFs to see which
one is dominant. It can be seen that for, the error of tower top side-side bending moment (YawBrMxp),
the error of DOFs is much larger at about 1.7% than that of linearization. While for the other bending
moment, the error due to DOFs is larger than that of linearization.

This increase of L, error seems to be out of expectation and one possible explanation for this behavior
can be found in Chapter 4. As discussed in Figure 22, Figure 23 and Figure 24, the tower properties have
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high peaks in high frequency modes which are related to structure oscillations. This indicates that these
responds can be very sensitive to even small variations in input. When more than one OP is used, the
interpolated state values actually offset from each OP, which means noise will be involved for the input
of the next time step. This noise then leads to significant error in the prediction of structure oscillation,
and thus the large L, errors. Figure 33 shows the time series and spectrum, and it can be seen clearly that
the errors concentrate around the oscillation related modes, which agrees with the previous explanation.
It should be noted that linearization based on more than one OPs always introduce some noise due to its
slightly nonlinear feature. However, for the power production and blade properties, they mainly respond
directly to the instantaneous input. Thus the L, errors of them decrease when use more OP for
linearization.
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Figure 34 L, error of tower properties under different No. of OP
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Figure 35 Time series and spectrum of tower top fore-aft bending moment at different No. of OP
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5.2 Interpolation method

Besides the No. of OP, the interpolation method is also important, since higher order interpolation
method may mitigate the oscillation when wind speed change rapidly. Therefore it is meaningful to find
a balance between interpolation method and the accuracy. All the cases in this section use 9 operation
points, and the DOF case is DOF_6. That is to say a relatively accurate linearization model has been
applied. The only difference is the interpolation methods. Three methods are used, which are zero order,
first order and spline, illustrated in Figure 36.

Figure 36 Illustration of interpolation method: Zero order (top) 1% order (middle) 2" order (bottom)

The L, error of different quantities can be clarified into 3 groups according to the changing trend. The
first group includes power and rotor speed, which are shown in Figure 37 (left). It can be seen that the
higher order interpolation method does increase the accuracy. Theoretically the L, error can approach
zero as the interpolation order becomes higher, while the computation time also increase. Moderate
order of interpolation method, such as 1% order, is very accurate. For the second group shown in Figure
37 (right), the L, error almost stays constant under different interpolation method. As a result there is no
benefit to use higher order interpolation method.
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Figure 37 L, error of group 1 (left) and group 2 (right) under different interpolation methods
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Group 3 includes the tower bending moment in three directions. Figure 38 displays the L, error under
different interpolation methods. For zero order interpolation the L, error is much larger than 1% and
spline methods. The reason is that shifting of operation points induces large unstable oscillation.
However if linear interpolation method is applied, the shift is more smooth. Figure 39 (left) displays the
time series of tower top fore-aft bending moment of zero order results comparing with nonlinear results.
It can be seen clearly that there are very large oscillations at some time segments. The time series of 1°
order interpolation comparing the nonlinear result is shown in Figure 39 (right). Although the results are
not accurate enough, the oscillations are much smaller than zero order. For the purpose of optimizing
interpolation methods and accuracy, the 1* order interpolation methods is the best choice for group 3.
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5.3 Summary

According to the previous results and analysis, for some quantities there exists an optimum choice for
the number of OP and interpolation method. These optimum choices are listed in Table 20. For the
power production properties, the more OP and higher order interpolation method will decrease the
modeling error.

Table 20 The optimum No. of OP and interpolation method

Optimum No. of OP Interpolation method

Power production properties The more the better The higher the better
Blade properties 2 Linear
Tower properties 1 Linear
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Chapter 6 Total modeling error

The total modeling error is the difference between linear model with part DOFs and the nonlinear model
with full DOFs. The total modeling error is a combination of error due to DOFs and linearization;
however the relationship is not simply summation. In order to have an insight into the influence of DOFs
and linearization to total modeling error, simulations are carried out for all the possible combinations of
6 different DOF cases as shown in Table 7, and 5 OP cases shown in Table 19.

The benefits of analyzing the influence of DOFs and linearization to total modeling error are three-fold.
Firstly, the influence of DOF and OP can be compared directly and show the total error under different
combinations. The results can provide guidelines for WT modeling and simulation with respect to
different quantities. Secondly, according to the different influence of DOFs and OP, the most efficient
direction to further improve the accuracy can be pointed out. Finally, the total modeling error
determined in this chapter will be used as the basis to estimate the reliability of the ice-detection
methods in following chapters.

According to the analysis in Chapter 4 & 5, the WT related quantities can be classified into three groups,
which are quantities related to power production, blade properties and tower properties respectively.
These three groups will be analyzed individually in the following sections, and it will be shown that the
quantities within the same group have similar behaviors with respect to DOF & OP.

6.1 Power production properties

From analysis in Chapter 4, including more DOFs can decrease the error in power production variables
due to DOFs. Moreover, in Chapter 5, it can be concluded that increasing the number of OP also
decreases linearization error to some extent. Then an interesting question would be which factor
dominates the total modeling error.

Figure 40 displays the total modeling error of power and rotor speed. The contours are made with
respect to different combinations of DOFs and OP. It can be seen that for both power and rotor speed,
although the DOFs have a mild influence, the OP dominates the total modeling error. The results
demonstrate that power and rotor speed are almost linearly related with the inputs.

Note that, we can achieve a 0.5% error even with 1 DOF, if a proper OP method is applied. Thus for
power and rotor speed, it would be accurate enough if we use the 1 DOF, and to improve the accuracy,
the most efficient way is to increase the number of OP.
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Figure 40 Total error of power (left) and rotor speed (right) at different combinations of DOF &OP

6.2 Blade properties

From analysis in Chapter 4, for blade out-of-plane deflections, including more DOFs can decrease the
error due to DOFs. Moreover, in Chapter 5, it can be concluded that if the number of OP is more than 2,
the linearization error will not decrease any more. The results from previous chapters may not work for
the total modeling error, therefore we have to conduct detailed investigation into the total modeling error
contours shown in Figure 41.

The contours are made with respect to different combinations of DOFs and OP. From the left figure it
can be seen that there is a dramatic drop of errors from DOF case 2 to case 3. That means we must
include the blade flapwise DOF to achieve a reliable result. For DOF cases 4, 5 and 6, we plot a separate
contour to look into details, as shown in the right figure. The range of error is from 7% to 8%, which
means there is not much improvement. The case with only 1 OP and DOF 4 has about 8% error, and the
dominant factor is still DOFs.
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Figure 41 Total error of blade out-of-plane deflection at different combinations of DOF & OP
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From analysis in Chapter 4 and 5, the blade in-plane deflection accuracy is mainly influence by the
number of DOFs and will become stable if more than 2 OP for linearization is used.

The contours in Figure 42 are made with respect to different combinations of DOFs and OP. The
patterns are similar to those of the out-of-plane deflections. There is a dramatic drop in error from DOF
case 2 to case 4, which means both the blade flapwise DOF and blade edgewise DOF to achieve a
reliable result. This finding agrees with that of Chapter 4. A detailed local contour is shown in the right
figure for the DOF cases 4, 5 and 6. It can be seen that the contour is also similar to Figure 41(right).
Although there is improvement by increasing the number of OP, the range of error is from about 6% to
7%, which means there is not much improvement.
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Figure 42 Total error of blade in-plane deflection at different combinations of DOF &OP

From analysis in Chapter 4 and 5, the dominant factor of blade in-plane bending moment is the number
of DOFs, and the optimized number of OP is 2. The contours are made with respect to different
combinations of DOFs and OP as shown in Figure 43. From the left figure it can be seen that the
dominant factor is DOFs and the threshold of No. of DOFs is from case 3 to 4. That indicates the blade
flapwise and blade edgewise DOFs are very important, which coincides with results in Chapter 4. For
DOF cases 4, 5 and 6, we plot a separate contour to look into more details as shown in the right figure.
The range of error is from about 1.6% to 1.9%, which means there is almost no improvement. Therefore,
it has little meaning to include more than 4 DOFs and more than 2 OPs.

59



RootMxc1 L, Error (%) RootMxc1 L, Error (%)

9
1< 1=
© ©
o a
c c
2 S
© T
T ° . o
o o
(@) (@)
G ©
s 3 o
zZ z

2

1

14 5 6
Case of DOFs Case of DOFs

Figure 43 Total error of blade in-plane bending moment at different combinations of DOF &OP

Figure 44 shows contours with respect to different combinations of DOFs and OP. From the left figure it
can be seen that the dominant factor is DOFs and threshold of No. of DOFs is from case 2 to 3, with the
blade flapwise DOF considered. That means blade flapwise DOF is the most important DOF, which
agrees with results in Chapter 4. For DOF cases 4, 5 and 6, a separate contour is plotted to look into
more details. As shown in Figure 44 (right), the range of error changes from about 2.4% to 3.6%, which
means there is some improvement. The dominant factor is still the number of DOFs. What’s more there
is no need to apply No. of OP larger than 2 and no need to apply DOF case 6, since there is no
improvement in that area.
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Figure 44 Total error of blade out-of-plane bending moment at different combinations of DOF &OP

Figure 45 shows the total modeling error of blade torsional moment at different combinations of DOFs
& OP. From the left figure it can be seen that the dominant factor is DOFs and threshold of No. of DOFs
is from case 3 to 4. That means the blade edgewise DOF should be considered to achieve an accurate
result. For DOF cases 4, 5 and 6, a separate contour is shown in Figure 45 (right) to look into more
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details. It can be seen that the range of error is from about 9.6% to 11%, and the dominant factor is still
the number of DOFs. What’s more there is no need to apply No. of OP larger than 2 and no need to
apply DOF more than 5, since there is no improvement in that area.
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Figure 45 Total error of blade torsional moment at different combinations of DOF &OP

6.3 Tower properties

Figure 46 displays the total modeling error of thrust force at different combinations of DOF and OP. It
can be seen clearly that the dominant factor is the number of DOFs, while the number of OP almost has
no influence. That indicates the most efficient way to decrease total modeling error is to increase the
number of DOFs. The range of error is from about 2% to 7%, which means there is much improvement
by increasing DOFs. There are two threshold of DOF case 3 and case 5, which means the blade flapwise
DOF and tower fore-aft DOF should be included to get an accurate result, which agrees with the results
in Chapter 4. It can be conclude that with 1 OP and DOF case 5, the error is very small and more OP and
DOFs do not increase the accuracy.
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Figure 46 Total error of thrust force at different combinations of DOF & OP
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From analysis in Chapter 4, for tower top side-side bending moment, including more DOFs can decrease
the DOFs error. Moreover, in Chapter 5, it can be concluded that best choice for the number of OP is 1,
since the linearization error will become larger as the number of OP increasing.

Figure 47 displays the total modeling error of tower top side-side bending moment at different
combinations of DOF and OP. It can be seen clearly that increasing the number of OP does not decrease
the error. What’s more the error becomes even larger as the number of OP increase. The smallest error
occurs when OP is 1 and DOF case 6. The optimized number of operation point is 1. And the DOF case
must larger than 3. Note that there is relatively large error at DOF case 2, which means the drivetrain
flexible DOF increase the error. Therefore it is better to not include the drivetrain DOF.

YawBrMxp L, Error (%)
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Case of DOFs
Figure 47 Total error of tower top side-side bending moment at different combinations of DOF &OP

Figure 48 displays the total modeling error of tower top fore-aft bending moment at different
combinations of DOF and OP. Similar to the total modeling error of tower top side-side bending
moment, increasing the number of OP does not decrease the error. What’s more the error becomes even
larger as the number of OP increase. The largest error occurs at 9 OP. The optimized number of OP is 1,
which coincides with the results in Chapter 5. If the number of OP 1 is chosen, the more DOFs are
included the smaller the errors are.
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Figure 48 Total error of tower top fore-aft bending moment at different combinations of DOF &OP

Figure 49 displays the total modeling error of tower top torsional moment at different combinations of
DOF and OP. It can be seen clearly that increasing the number of OP does not decrease the modeling
error. What’s more, the error becomes even larger as the number of OP increases. The largest error
occurs at 9 OP, which coincide with the results of chapter 5. The optimized number of operation point is
1. If the number of OP 1 is chosen, the more DOFs are included the smaller the errors are.
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Figure 49 Total error of tower top torsional moment at different combinations of DOF & OP
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6.4 Summary

According to the above analysis, the relative importance of DOF and OP is revealed and listed in Table
21 for different quantities. For power production properties, the dominant factor is the No. of OP, which
means the most efficient way to increase modeling accuracy is to increase the No. of OP. For blade and
tower properties, the dominant factor is the No. of DOFs. Noted that the No. of OP of tower properties
should not be larger than 1.

Table 21 Dominant factors for different properties

Dominant factor
Power production properties OP
Blade properties DOFs
Tower properties DOFs (OP must be 1)
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Chapter 7 Ice on Blade Influence and Detection

7.1 Ice on blade influence

Wind power in cold climate regions is attractive due to relatively high wind speed and low population
density. However, ice on wind turbine blades remains one of the main challenges and becomes more
significant when turbine size has increased (Laakso T et al. 2003). As for the operation of wind turbines,
icing of blades mainly affects wind turbine in two ways: aerodynamics and additional mass to the blades.

The effect on aerodynamics should be considered since change in aerodynamic properties may decrease
power output and increase thrust loads. Moreover, it also affects the performance of the controller as
well. Additional mass on the blade due to icing yields higher inertia forces on the rotor and may change
the natural frequencies of the blade, influencing the fatigue life time.

There are some additional challenges for wind turbines operating under icing condition that need
accurate simulation tools. These include ice accretion simulation and estimation of rotor aerodynamics
after icing. The most common approach for icing simulations is to couple meteorological information
with an ice accretion model. Today, there exist three different types of ice accretion models:

The first approach is to do experiments. There is a limited amount of detailed information available for
ice effects on wind-turbine-specific airfoil aerodynamics and associated ice mass effects. Almost of the
studies are performed in icing and/or wind tunnels with two dimensional aircraft airfoils (Simo et al.,
2016). The most extensive study made at NASA focused on detailed ice accretion effects of three typical
aviation airfoils for various atmospheric conditions in two separate wind tunnels. With this extensive
study (Addy, 2000), some first statistics for nearly 200 individual icing cases and their effects on airfoil
penalties can be summarized.

The second method is numerical simulation by a computational fluid dynamics (CFD) code. Some of the
most common models in this category are FENSAP-ICE (Habashi et al., 2004), TURBICE (Makkonen
et al., 2001), and LEWICE (Wright, 2002). FENSAP-ICE is a 3D CFD solver that accounts for all ice
processes. TURBICE and LEWICE are 2D models designed for the study of ice growth on airfoil cross-
sections. These models have been shown to provide reasonable lift and drag responses to icing on wind
turbine blade airfoils (Homola et al., 2010 a,b; Virk et al., 2010).

A third approach to modeling icing lies in between these two methods is represented by models such as
the Makkonen model (Makkonen,2000), which is part of the ISO standard, and the OMNICYL model
(Finstad,1986). These models use empirical relationships to estimate the percentage of incoming
particles (collision efficiency) that would impact the cylinder as a function of the wind speed, cylinder
diameter, and droplet size distribution. The empirical relationship has been evaluated using wind tunnel
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data (Makkonen and Stallabrass, 1987), and was shown to provide a reasonable estimate for the collision
efficiency.

In this study the ice model from empirical method summarized from experimental results. The available
information for ice effects on wind-turbine-specific airfoil aerodynamics and associated ice mass effects
are very limited, especially experimental studies. To get reliable data on how ice on blades influence the
aerodynamic coefficient for our NREL 5 MW wind turbine is a challenge. Simo Rissanen (Rissanen
2016) from VTT Technical Research Centre of Finland put a lot of effort on finding validated simulation
parameters to represent realistic iced wind turbine behavior under normal power production operation.
These parameters can be later used to define design load cases for other cold climate wind turbines.

Iced airfoils were visually divided into four categories (start, light, moderate and extreme icing) to ease
comparison of results and derive statistics (Rissanen 2016). Figure 50 displays the ice accretion shapes
from various icing categories. As shown in Figure 50 , there is a thin layer of ice on the blade surface in
start of icing case, and the blade shape has little changing. For the light icing case, more ice accumulated
in the lead edge. For moderate ice case, the airfoil shape changes dramatically. The flow field will be
changed a lot. In the extreme icing case, there are several sharp corners in the leading edge and the lift
and drag coefficient will change significantly. In total, eight different references are carefully studied in
the research of Rissanen. Almost all studies examined are performed in icing and/or wind tunnels with
typical two dimensional (2D) aircraft airfoils (Rissanen 2016). All the references are listed in Table 22.

Start of icing Lighticing Moderate icing Extreme icing

/\
frosa
A

Figure 50 Ice accretion shapes from various icing categories

66



Table 22 Airfoil lift and drag coefficient measurement studies used in average lift and drag calculations
(Simo Rissanen 2016)

Reference Case numbers from the references
CL CD
Start Addy (2000) 202, 225, 237, 128, 142
Hochart (2008) 601,621 [, 4
Addy et al. (2003) 1,4 202
Broeren (2010) 202 1126, 1134
Bragg et al. (2007) 1162, 1134 762
Light Addy (2000) 607, 610, 622
Hochart (2008) 2 2
Broeren (2010) 1162, 1125 1162, 1125
Broeren (2002) 2 322
Bragg et al. (2007) 730ke26 730, 730kc26
Moderate Addy (2000) 628, 631, 646, 649
Tammelin et al. (1998) BO6
Hochart (2008) 5 3
Addy et al. (2003) 212 212
Broeren (2002) 290
Extreme Addy (2000) 127, 145, 603, 608, 623, 661
Tammelin et al. (1998) B22
Hochart (2008) 6 3,6
Addy et al. (2003) 944 944
Broeren (2010) 1164 164
Busch et al. (2007) horn 2Ds

Based on the eight airfoil icing references, lift and drag coefficients for clean and four types of iced
airfoils were extracted. The relative change from clean to iced performance was investigated. We
introduce the iced airfoil penalty factor, which is the relationship between clean and iced airfoil
performance shown in equation(56).

C, . C, .
PL — L_ice , PD — D_ice (56)
CL_clean CD_clean
Where P_and P, are the penalty factor of lift and drag coefficient respectively, C, . and C_ . are the

lift coefficient of iced and clean blade respectively, C, ,..and C are the drag coefficient of iced and

_ice D _clean

clean blade respectively.

The best-fit functions of penalties for both lift and drag coefficients curves are a function of airfoil angle
of attack « as follows (Hugues-Salas 2017)
P (a)=-Aa*-Ba+C
(57)
P,(a)=Da+E
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The lift penalty factor is a second order curve while drag penalty factor is a first order function. The
detailed penalty factors of four categories of ice on blade are shown in Table 23.

Table 23 Iced penalty factor as function of angle of attack (Simo Rissanen 2016)

Ice category CL penalty CL R correl. CD penalty CD R2 correl.
Start y=-0.0016*a2+0.0046 x o +0.98 0.97 y=0.09xa+L7 0.73
Light y=-0.0018%a2+0.0018xa+0.97 0.96 y=0.08xa+1.9 087
Moderate y=-0.0012x2-0.0023 x o +0.95 0.98 y=038xw+27 0.53
Extreme y=-0.0008x2-0.0152x+0.91 0.91 y=030xw+52 0.52
Average of all y=—0.0014x%2-0.0017 x o +0.95 0.99 y=0.02%+3.1 0.02

For the NREL 5 MW wind turbine blade, 2 cylinders and 6 airfoil shapes are applied in different blade
sections. The total length of blades is 64.5 m. The blade section shape and the corresponding (beginning)
radius are listed in Table 24. For the iced condition, the penalty factors in Table 23 are applied on the 6
airfoil sections. We assumed that the aerodynamic properties of two cylinders are not influenced by ice,
since the blade root position and blunt shape are less affected by ice.

Table 24 Airfoil schedule for NREL 5MW blade (Brian R. Resor 2013)

Blade Section Shape (Beginning) Radius (m)

Cylinder 1 1.8
Cylinder 2 5.98
DU W-405 10.15
DU W-350 15.00

DU 97-W-300 20.49

DU 91-W2-250 26.79

DU 91-W-210 34.22

NACA 64-618 42.47

The feasibility of the above empirical method for the current study can be discussed as follows:

(1) Firstly, the experimental data can be considered as reliable and typical. The experimental data for
fitting the penalty factor are all from NACA wind tunnel experiments for investigating aircraft icing
problem. The airfoils types in the experiments are typical. The experiments of Addy includes 3 kinds of
airfoils, which are 36-inch chord two-dimensional commercial transport and business jet models, IRT
general aviation model and LTPT general aviation model (Addy, 2000). The other references listed in
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Table 22. All use the NACA airfoils as shown in Table 25. The experiments are done in hundreds cases
not a single case, and the results are published in great detail, therefore, the data can be considered as
reliable.

Table 25 Airfoil used in the experiments

Reference Airfoil

Commercial transport and business jet models,
Addy, 2000 IRT general aviation model,
LTPT general aviation mode

Bragg, 2007 &

Broeren, 2002,2010 NACA 23012
Busch, 2007 NACA 0012

Hochart, 2008 NACA 63 415
Tammelin, 1998 NACA 4415

(2) Secondly, the curve fit method is suitable for the model based ice detection. Researcher Simo
Rissane, from the Technical Research Centre of Finland, applied a relatively uniform curve fit of all the
experimental data of different airfoils. The goal was to find average airfoil properties that correspond
with typical icing events and suggested the curve fit parameters can be later used to define design load
cases for other cold climate wind turbines. Of course a general method does not perfectly suitable for
one certain airfoil. However one specific example is not very persuasive. The influence of aerodynamic
properties is very sensitive to the shape of ice accumulating on the blade leading edge. Moreover, the
icing shape could be very different at different temperature, humidity rotation speed and icing time.
Therefore the best choice would be using the curve fit of different kinds of ice on blade.

(3) Thirdly, the icing on blade does not uniformly distribute on all blade sections. In most cases, there is
more ice on the blade tip than blade root. It is very difficult to estimate what is the ice difference on
different blade sections. As a simplification, the penalty factor of all blade section is assumed the same.
This approximation will induce some inaccuracy. However, the change of blade tip aerodynamic
properties influences most comparing to the other sections. Therefore, the estimation of blade tip
aerodynamic change is the most important. As introduced before, the estimation of the blade tip airfoil is
relatively accurate.

Figure 51 displays the lift and drag coefficient of NREL 5 MW wind turbine blade tip section (NACA
64-618) at different angles of attack. The other 5 blade section aerodynamic coefficients of iced and
clean blade cased are displayed in appendix A5.

As shown in Figure 51, lift coefficients decrease and drag coefficients increase for all the ice on blade
cases comparing with the clean blade. A dramatic drop in lift coefficient occurs when the angle of attack
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is larger than 10 degrees. Moreover the lift coefficient decreases more and more as more dramatic ice
shapes accumulated. In terms of drag coefficient, significant increase occurs when the angle of attack is
larger than 10 degrees. The drag coefficients of moderate ice case and extreme ice case are similar and
increase much more start ice and light ice cases.
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2 ——Clean 2
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O 45 Moderate Ice S

—— Extreme Ice
ER 0 10 20 30 = 0 5 10 15 20
Angle of attack [deg] Angle of attack [deg]

Figure 51 Lift (left) and drag (right) coefficient of NREL 5 MW blade tip section at different angle of
attack

The explanation for lift decrease and drag increase is shown in Figure 52. The left figure shows flow
around blade without ice, and the right figure shows flow around blade with ice. If there is ice on blade,
the flow separation point is near the leading edge, and there is more turbulence on both below and above
blade. The lift force is due to the pressure difference between the upper and lower side of blade. If there
is ice on blade, there is turbulence on the lower side. Therefore, the pressure difference decreases and
the lift force decreases. The drag force is induced by the pressure difference between the fore and aft of
blade. If there is ice on blade, there is more turbulence on the aft side. Therefore, the pressure of blade
aft part decreases. As a result, the drag force increases.

@ {QZS

Figure 52 Illustration of flow without and with ice

Ice mass formation on the blades depends on parameters like wind velocity, ambient temperature, liquid
water content, median volume diameter and duration of the icing event. All these parameters vary
stochastically in space and time. The parameters on blade tip and root are quite different. Therefore ice
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accumulation on the wind turbine blades is not uniform along the blade length. More ice accumulates
away from the blade root as it sweeps through a larger area in rotation and collects more ice. In order to
certify wind turbines and their components for the cold climate operation, GL (Germanischer Lloyd,
2010) proposed a guideline that defines the maximum ice mass distribution on the blade to calculate
loads acting on the turbine in various design load cases. According to GL guidelines, the mass
distribution shall be assumed at the leading edge. The ice mass distribution increases linearly from zero
in the blade root to the value . at half radius. Thereafter it remains constant up to the maximum value

at the blade tip. The value ¢ is calculated as following

:uE = pE ’ k ’ Cmin (Cmax + Cmin ) (58)

Where g is the mass distribution on the leading edge of the rotor blade at half the rotor radius [kg/m].
pe is the ice density assumed as 700kg/m®. Parameter k can be calculated as
0.00675+0.3exp(—0.32R/R,). R is rotor radius in meter and R;is 1 meter. ¢, is the maximum chord

length in meter and c_;, is the chord length at the blade tip, linearly extrapolated from the blade contour

in meter.

Figure 53 displays the ice mass on blade and blade mass distribution of NREL 5 MW wind turbine.
Table 26 shows the ice mass of different cases and the percentage of ice mass compared to blade mass.
As shown in the Figure 53, the ice accumulates much more on blade tip than blade root, and the ice
accumulation of extreme ice case is significant. From the left figure, we can hardly identify the mass
distribution difference between clean blade and iced blade of start, light and moderate ice cases.
However the difference between clean blade and extreme iced blade is significant. As shown in Table 26,
the total mass of clean blade is about 17613kg, and the accumulated ice of extreme ice case is about
10.66% of clean blade mass, which cannot be neglected. For the other cases, the ice mass is very small.
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Figure 53 NREL 5 MW wind turbine blade ice mass (left) and blade mass (right) distribution
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Table 26 Ice mass of different ice on blade cases

Case Start Light Moderate Extreme
Ice Mass [kg] 104.306 312.917 625.835 1877.5
Percentage 0.59% 1.78% 3.55% 10.66%

In terms of wind turbine operation, the changes in aerodynamics and blade mass will change the
operational profile. Figure 55 and Figure 56 show the change of operational profile. The changes can be
clarified into three aspects:

(1) Ice on the blade increases the rated wind speed. The rated wind speed has significant meaning for
wind turbine operation. It defines the controller operation regions. At below rated wind speed, the pitch
angle remains zero, and the generator torque and rotor speed increase with wind speed. At above rated
wind speed, the torque and rotor speed is constant while pitch controller works as described in chapter 3.
As shown in the Figure 55 and Figure 56, for clean blade case the rated wind speed is 11.4 m/s. For start
ice and light ice cases the rated wind speed increase a little to about 12 m/s. The change of rated wind
speed for moderate ice and extreme ice are significant to around14 m/s and 17 m/s respectively.

The reason for this phenomenon is illustrated in Figure 54. The lift force of iced blade L, is smaller
As a
If the

aerodynamic torque is smaller, the generator power is also smaller than it should be. Furthermore, to
make the ice mass rotate with blade also consumes some energy. Therefore the rated power of 5 MW
can be reached at a relatively higher rated wind speed.

than clean blade L

clean !

while the drag force of iced blade D, is larger than clean blade D

clean *

result the rotor torque of iced blade Tq,, is also smaller than that of clean blade Tq,.,, -

Figure 54 Illustration of torque force change
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(2) For above rated wind speed condition, torque, rotor speed and power remain to their rated values.
However pitch angle of iced blade is smaller than clean one under same wind speed. For variable speed
pitch regulated wind turbines, the pitch controller is designed on the basis of the power curve for a clean
blade to adjust the pitch angle in high wind speeds to maintain constant power production. Due to the
change of lift and drag force, the pitch angle should be adjusted. The overall trend of pitch angle at
above rated wind speed is similar, and the angles of iced blade are smaller than that of cleaned one.
Table 27 shows the pitch angles of iced blade and clean blade at wind speed of 18 m/s.

Table 27 Pitch angle at wind speed 18 m/s

Case clean Start Light Moderate Extreme

Pitch Angle[deg] 14.93 14.50 14.31 13.75 12.69

(3) For below rated wind speed condition, the torque controller works while pitch controller does not
work. As a result the pitch angle remains zero. For torque, rotor speed and power, values of iced cases
are smaller than that of clean blade. The reason for this phenomenon has been shown in Figure 54. The
torque decreases due to the decrease of lift force and increase of drag force, as well as the extra ice mass.
Therefore the power production becomes small.

From the power production point of view, ice on blade decreases the power production at below rated
wind speed and has little influence on above rated wind speed (adjusted). Therefore it is meaningful to
detect and remove ice and to maximum the power production.
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Figure 55 Generator torque (left) and rotor speed (right) at different wind speed
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Figure 56 Power (left) and pitch angle (right) at different wind speed

Noted that in steady state condition, the power, torque and rotor speed remain constant at above rated
wind speed condition. However if the wind speed is not constant, the quantities mentioned before have
slight differences between iced blade and cleaned blade. Figure 57 displays the power output for
different cases under varying above rated wind speed and the difference of power between iced blade
case and clean blade case. The difference is partly due to dynamic effect that the iced case can not
follow clean blade case well. At above rated wind speed, the pitch regulator is Pl controller. The
parameters P and | of clean blade case cannot perform well in ice on blade cases.
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Figure 57 Power (left) and power difference (right) under variable wind speed

Figure 58 and Figure 59 display the influence of ice on blade for quantities related with loads and
deflection. The thrust force and tower top side-side bending moment are two representative load
examples. At below rated wind speed, the thrust force of iced case is smaller than that of clean blade
case, while at above rated wind speed the thrust force of iced case is larger. Large thrust force will
induce serious fatigue issues, which is the main harm for ice on blade at above rated wind speed
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condition. For the tower top side-side bending moment, the value of iced case is no larger than cleaned
one. The trend is similar to the torque moment shown in Figure 55 as it is induced by torque. For the
blade deflections shown in Figure 59, at below rated wind speed, both out-of-plane and in-plane
deflections of iced case are slightly smaller than that of clean one, but become larger in the above-rated
wind speed range. The maximum values of iced cases are larger than that of clean case. Therefore it is
necessary to detect and remove ice to reduce fatigue damage to the structure.
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Figure 58 Thrust (left) and tower top side-side bending moment (right) at different wind speed
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Figure 59 Blade out-of-plane (left) and in-plane (right) deflection at different wind speed

Overall it can be seen from all the figures that the start ice and light ice case cause slight changes for all
the wind turbine properties, which means they would be difficult to detect. For moderate ice case, the
change is more significant. However for extreme case, there are large changes. We do not focus on the
extreme case, since it is very easy to detect. The detection is focus on the other three cases.
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7.2 Ice on blade detection

In this thesis, a model-based detection method for wind turbine blade icing is developed. There are three
main advantages of the method. Firstly the model-based ice-detection method is based on the
measurements that already exist. By applying the wind turbine model, almost any kind of quantities can
be determined including displacements, moments, loads and power production related quantities.
Therefore the quantities with measurement value can be selected to detect ice without additional
measurements. Secondly, the detection method can be implemented for any kind of blade aerodynamic
changes, not only ice on blade. Any aerodynamic change will induce the change of output comparing
with healthy system, therefore aerodynamic change like blade damage and pitch faults can be detected.
Thirdly, the linearized healthy wind turbine model can also be applied for design of controllers and state
estimators.

The concept of model-based ice-detection is as follows: Firstly ice on blade changes the aerodynamics,
such as lift and drag coefficient. The blade mass increases as well. Therefore it can be considered as one
wind turbine system changed to a different system. That means the outputs of the two systems, with ice
and without ice, are different, even if the inputs are exactly the same. From the ice-detection point of
view, if the difference of outputs between iced system and cleaned one is much larger than modeling
error, ice on blade can be detected.

The flowchart shows the detection steps, where we neglect the measurement error. The measurement
error is considered separately in section 7.3. In the ice on blade fault detection, there are two models.
One is nonlinear iced model with full DOFs to simulate the real wind turbine with different kinds of ice
on blade. The other is linear model with clean blade that represents for the model-based estimator. The
input for nonlinear model is wind speed only, while the input for linear model is wind speed from
measurement and pitch and torque from the nonlinear model outputs, which are also measurements in
reality. It is obviously that there must be some difference between outputs from linear and nonlinear
model. This difference is estimation difference, which is a combination of error due to ice on blade and
modeling error in my study. If the estimation difference is much larger than the linear modeling error
and measurement error, we are sure that the wind turbine is in fault condition.
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Figure 60 Flow chart of ice-detection concept

Here we introduce a parameter to describe the estimation difference compare with modeling error. The
parameter is called normalized ice-detection error, which can be expressed as

Capability=D_, / E (59)

est model

where D, is the estimation difference and E_ ., is the modeling error. The larger the capability value,

est
the better performance in ice-detection. It should be noted that there is no measurement error included in
(59). In an ideal case that the inputs and outputs are accurate, the capability should be larger than 1 to
detect the ice on blade. In reality, there can be different sources of uncertainties, e.g. measurement errors.
In this case, the capability should be sufficiently large to ensure successful ice-detection. This will be
discussed in the next section.

7.3 Measurement for ice-detection

In the above analysis, inputs and outputs are considered as accurate. In reality, there can be errors in the
measurements depending on the accuracy of equipment. The influence of measurements error behaves
differently depending on whether they are in inputs or outputs. In the following, three cases will be
introduced and they will be compared to define the ice-detection capability with measurement error
considered.

Figure 61 shows the case that there is no measurement error at all. The difference between output of
linear system without ice and nonlinear system without ice is the modeling error E,. The difference

between output of linear system without ice and nonlinear system with ice is the estimation difference
D, - In this condition the ice-detection capability can be defined as

Capability =D, / E, (60)
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Figure 61 Definition of modeling error and estimation difference without measurement error

As described before, the inputs of linear system are the wind speed, generator torque and blade pitch.
These quantities are from measurement in reality. If the inputs of the linear system are measurements,
the outputs are also different from those without any measurement error. That means the measurement

error will influence both the modeling error E,and estimation difference D, as shown in Figure 62. In

est2

this condition the ice-detection capability can be defined as

Capability=D,, / E, (61)
Nonlinear system
Real — (Clean) Accurate
E,
Measure—— Linear system Output_2
(Clean) —
Dest2
Nonlinear system
Real (Ice) Accurate

Figure 62 Definition of modeling error and estimation difference with measurement error in inputs

Besides input quantities, the outputs of nonlinear system should include measurement error as shown in
Figure 63. In that condition, the error due to both modeling and measurement can be expressed as E, and

the estimation difference is D . In this condition the ice-detection capability can be defined as

Capability =D, / E; (62)
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Figure 63 Definition of modeling error and estimation difference with measurement error in inputs and
outputs

The measurement error largely depends on the instrument accuracy which varies from case to case. This
indicates that the estimation difference and modeling error have to be determined again if the capability
defined in (61) or (62) is used directly. A more efficient way is to consider the errors due to modeling
and measurement separately. In this study, the measurement errors will be quantified by introducing
uncertainty factors as follows

! D tl/El " D IZ/EZ
_ Dy /E _Dee /B, 63
“7p 1,7 Y TDLLIE (63)

est2 est3

The uncertainty factor x' reflects the influence of input measurement error on the ice-detection
capability. Similarly, the uncertainty factor 4" reflects the influence of output measurement error on the
ice-detection capability. The total uncertainty factor can be determined as

p=p -y (64)
To have sufficient ice-detection capability, the value defined in (60) should be larger than the total

uncertainty factor z. In practice, the uncertainty factors depend on the sensors in use and should be

empirically determined.

Table 28 shows a summary of measurement sensors for different quantities and some comments. The
detailed explanations are as follows:

Measurement of wind speed: Wind speed should be measured, since it is an important input of wind
turbine system. Anemometers are widely used for measuring wind speed. There are many types of
anemometers, such as cup, vane, hot-wire and laser anemometer. According to the International
Standard IEC 61400-12, if the anemometer is installed at flat terrain, the accuracy is recommended to be
of class 1.7 or better. That means the measurement error should be smaller than 1.7%. If the anemometer
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is used on nacelle, it will be influenced by the blade rotating. Therefore, the accuracy will be reduced.
The recommended accuracy is class 2.5 or better, which means error smaller than 2.5%.

Measurement of power: The electric power of the wind turbine should be measured applying a power
measurement device and be based on measurements of current and voltage on each phase. The class of
the current transformers shall meet the requirements of IEC 60044-1 and the class of the voltage
transformers shall meet the requirements of IEC 60186. The current and voltage can be measured
accurately. The error should be less than 0.5%.

Measurement of rotor speed: The variable rotor speed should be measured, as it is an important
quantity for motor control and monitoring the wind turbine. Typically, devices widely used are shaft
encoders, photoelectric sensors and magnetic rotational speed sensors. All of these sensors send speed
data in the form of electrical pulses. Most of these sensors provide simple, reliable and very accurate
transducers for revolutions-per-minute (RPM) measurement applications. There is no accuracy
requirement in the international standard for wind turbines.

Measurement of deflection: The deflection of wind turbine blade can be measured by position
transducers for low frequency, velocity sensors for medium frequency, and accelerometers for high
frequency. The accuracy is largely depended on the sensors, and there is no accuracy requirement in the
international standard for wind turbines.

Measurement of moment: Currently, most common used moment seniors are the strain gauge and optic
fiber optic sensor technologies (Kim, S.-W. 2013). However, sensor technologies currently used in wind
turbine blades lack capabilities to measure deflection reliably (Shuai Zhang, 2015). The accuracy largely
depends on the measurement method. Fiber optic sensors are more accurate and very expensive. Large
amount of calibration is need. And there are no regulations for the moment measurement accuracy in the
international standard for wind turbines.

Table 28 Measurement sensors and comments

Quantities Sensors Comments

Error<1% in flat terrain,

Wind speed Anemometers (Cup, Vane, Hot-wire) influenced by blades

Power Measured current and voltage Very accurate, error<0.5%

Shaft, photoelectric, magnetic type

Rotor speed Very accurate
encoders
: Position transducers, velocity sensors, | Relatively accurate, depending

Deflection

accelerometers on the sensors

. ) . Accuracy depend on sensors,
Moment Strain gauges, fiber optic sensors y dep
drift occurs
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Chapter 8 Ice on Blade Detection—Above Rated Wind Speed

In this chapter we will introduce how to implement the model-based ice-detection method introduced in
chapter 7 under above rated wind speed condition. The wind speed time series is the same as that of
previous chapters shown in Figure 26 with mean wind speed 18 m/s.

In this chapter, first we will show how to detect ice on blade according to the difference between
measurement values and estimated values, as well as how much ice on blade can be detected. Secondly
we will show the normalized ice-detection error of different quantities under different DOFs, number of
OP and ice categories. The modeling error determined in chapter 6 is a basis for ice-detection.

8.1 Ice-detection for an example case

In this section, a representative above rated wind speed example of ice-detection is studied. The wind
speed shown in Figure 26 is applied. A relatively accurate linearized estimation model is used. The case
of DOF is DOF 6 with generator mode, drivetrain mode and all the 1% order blade and tower deflection
modes. The number of operation points is 9.

8.1.1 Power production properties

Figure 64 shows the estimation difference and modeling error of power and rotor speed at different ice
on blade categories. The solid lines are the estimation difference of power and rotor speed and the
dashed lines are the modeling error. The trend of estimation difference of power and rotor speed is
similar. Therefore we will take the power as an example and describe in detail. For power at start ice
case, the estimation difference (3.51%) is more than ten times larger than modeling error (0.35%). From
the time series of estimated and measured power of start ice case shown in Figure 65, it can be seen that
the measurement value is around 500 kW, while the estimated power at start ice case (blue line) is about
200 kW larger than the measurement. This large difference agrees with the error value shown in Figure
64. The reason can be explained refers to Figure 54. The lift coefficient of clean blade is larger than that
iced blade, and the lift force is also larger. Therefore the torque and power of blade without ice are
larger as well.

Next let’s study the influence of ice categories. As shown in Figure 64 the estimation difference
increases as more ice accumulates on the blade (Moderate > Light > Start). This can be verified from the
time series of power. The measurement power of start, light and moderate cases are quite close, as the
aim of controller is to keep a constant power production at above rated wind speed. While for the
estimated values, more ice on blade induces larger power estimation. That means power estimation of
moderate ice case is larger than light ice and larger than start ice case. Overall power and rotor speed are
good criteria for ice-detection for above rated wind speed case.
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Figure 65 Time series of measured power and estimate power under different ice categories

8.1.2 Blade properties

Figure 66 shows the estimation difference and modeling error of blade deflections at different ice on
blade categories. The solid lines are the estimation difference of blade out-of-plane and in-plane
deflections and the dashed lines are the modeling error. The trend of estimation difference of blade out-
of-plane and in-plane deflections is similar. Therefore we will take the blade out-of-plane deflection as
an example and describe in detail. For blade out-of-plane deflection at moderate ice case, the estimation
difference (12.27%) is a little larger than modeling error (7.59%). From the time series of estimated and
measured blade out-of-plane deflection of moderate ice case shown in Figure 67, it can be seen that the
measurement value is smaller than the measurement. This large difference agrees with the error value
shown in Figure 66.
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Next let’s study the influence of ice categories. As shown in Figure 66 the estimation difference
increases as more ice accumulated on blade (Moderate > Light > Start). This can be verified from the
time series of blade out-of-plane deflection. The estimated blade out-of-plane deflection of start, light
and moderate cases are quite close. The measurement value of start and light ice cases are close to the
estimated values. Only the measurement of moderate ice case is larger than the others.

We can conclude that the blade deflections are not influenced by the change of aerodynamics much. The
reason maybe that the blade is twist, therefore lift force decrease and drag force increase results in a
hardly changed blade deflections. Overall blade deflections are not criteria for ice-detection for above
rated wind speed case.
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Figure 66 Estimation difference and modeling error of blade deflections at different ice on blade
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Figure 67 Time series (450s-500s) of measured blade deflections under different ice categories
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Figure 68 shows the estimation difference and modeling error of blade root bending moment at different
ice on blade categories. We will take the blade root torsional moment as an example and describe in
detail. For blade root torsional moment at start ice case, the estimation difference (20.6%) is much larger
than modeling error (9.73%). From the time series of estimated and measured blade root torsional
moment of start ice case shown in Figure 69, it can be seen that the measurement value and estimated

value are quite different at peaks.

Next let’s study the influence of ice categories. As shown in Figure 68 the estimation difference
increases as more ice accumulates on the blade (Moderate > Light > Start). This can be verified from the
time series of blade root torsional moment. The estimated blade root torsional moment of start, light and
moderate cases are quite close. While for the measurement values, more ice on blade induces larger

blade root torsional moment.

It is quite interesting that although the modeling error of blade root torsional moment is quite large,
however the estimated error is much larger. That means quantities with large modeling error can be
good criteria for ice-detection for above rated wind speed case.
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Figure 68 Estimation difference and modeling error of blade root bending moment at different ice on
blade categories
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8.1.3 Tower properties

As shown in chapter 5, the modeling error is very large if the operation point is larger than 1. Therefore
the calculation of tower top bending moment in this section is based on 1 OP and DOF case number 6.

Figure 70 shows the estimation difference and modeling error of tower root bending moment at different
ice on blade categories. The solid lines are the estimation difference of tower top bending moment and
the dash lines are the modeling error. The trend of estimation differences is similar. Therefore we will
take the tower top fore-aft bending moment as an example and describe in detail. For tower top fore-aft
bending moment at start ice case, the estimation difference (24.7%) is much larger than modeling error
(8.67%). From the time series of estimated and measured tower top fore-aft bending moment of start ice

case shown in Figure 71, it can be seen that the measurement value and estimated value are quite
different.

Next let’s study the influence of ice categories. As shown in Figure 70 the estimation difference
increases as more ice accumulates on the blade (Moderate > Light > Start). This can be verified from the
time series of tower top fore-aft bending moment. The measured tower top fore-aft bending moment of

start, light and moderate cases are quite close. While for the estimated values, more ice on blade induces
tower top fore-aft bending moment.

Comparing the three quantities, tower top fore-aft bending moment is a very good criterion for ice-
detection for above rated wind speed case, followed by tower top torsional moment. While the tower top

side-side bending moment is hardly to be used as a detection criteria, since the difference between the
modeling error and estimation difference is very small.
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8.2 Ice-detection capability

As shown in the last section, the capability of ice-detection depends on the difference between
estimation difference and modeling error. For a certain ice condition, a smaller modeling error can

significantly improve ice-detection capability. Moreover, according to Chapter 6, there exist many
approaches to achieve a better accuracy in linear wind turbine modeling, such as DOFs and OP. These
facts inspire us to increase the ice-detection capability by using different modeling methods. Thus, in the
following subsections, the influence of modeling methods on ice-detection will be analyzed for different
quantities individually.
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8.2.1 Power production properties

According to chapter 6, the most efficient way to decrease modeling error is to increase number of OP.
The number of DOFs has little influence and 1 DOF is very accurate. Therefore the number of DOF of
quantities related to power production is set to 1 (variable generator DOF), and the number of OP
changes from 1 to 9. The contours of normalized power and rotor speed error at different No. of OP and
ice conditions are shown in Figure 72. As the patterns of power and rotor speed error are similar, the
power is analyzed in detail as an example, and the conclusions are also applicable for rotor speed.

The contour can be analysis in two aspects:

(1) For a certain OP model, the normalized ice-detection error, which represents the detection accuracy,
can be predicted for a given ice condition. More ice on blade condition induces larger normalized error,
therefore easier to be detected.

(2) For a certain ice-condition, more OP induces larger normalized error therefore larger ice-detection
capability. For example from 1 OP to 2 OP, the ice-detection capability increases a lot especially for
moderate ice case. Moreover, if the number of OP increases further, the capability changes less,
although there is still benefit. The increase of OP has even better effects for more severe ice conditions,
which indicates that increasing the No. of OP is a highly recommended method for power and rotor
speed.
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Figure 72 Normalized power (left) and rotor speed (right) error at different No. of OP and ice conditions

8.2.2 Blade properties

According to chapter 6, the most efficient way to decrease modeling error is to the increase number of
DOFs. The number of OP has little influence and 3 OP the best choice. Therefore the number of OP of
quantities related to blade properties is set to 3, and the number of DOF cases changes from 1 to 6.
Figure 73 shows the contours of normalized blade deflection error at different DOF cases and ice
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conditions. The patterns of blade deflections are similar, the in-plane deflection (left) is analyzed in
detail as an example, and the conclusions are also applicable for the other.

The contour can be analyzed in two ways:

(1) For a certain DOF model, the normalized ice-detection error, which represents the detection accuracy,
can be predicted for a given ice condition. More ice on blade condition has larger normalized error,
therefore easier to be detected.

(2) For a certain ice-condition, increasing the number of DOF is helpful but limited. The ice estimation
difference is no larger than twice the modeling error even in moderate ice condition. Therefore it is not
recommended to use blade deflections as criteria for ice-detection.
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Figure 73 Normalized blade deflection error at different No. of OP and ice conditions
The normalized blade root bending moments are shown in Figure 74 and Figure 75. The patterns are
similar:
(1) For a given DOF case, more ice on blade has larger normalized error, and is easier to be detected.
(2) For a certain ice-condition, more DOFs are very helpful for moderate ice-detection especially from 3

DOFs to 5 DOFs (around 4 DOFs), which agrees with chapter 6. Moreover, if the number of DOFs
increases further, the capability changes less, although there is still benefit.

The normalized error is larger than 2 in most cases and can be as large as 5 at moderate ice condition.
Therefore the blade root bending moment is recommended for ice-detection. For a demanded ice-
detection capability, it is necessary to predict how many DOFs are needed. While for a general detection,
there should be no less than 3 DOFs.
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Figure 74 Normalized blade root in-plane (left) and out-of-plane (right) bending moment error at
different No. of DOF and ice conditions
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Figure 75 Normalized blade root torsional moment error at different No. of DOF and ice conditions

8.2.3 Tower properties

According to chapter 6, the most efficient way to decrease modeling error is to increase number of
DOFs. The number of OP should be 1 since there will large error if more than 1 OP is selected. The
number of DOF cases changes from 1 to 6. The contours of normalized tower top bending moment error
at different DOF cases and ice conditions are shown in Figure 76 and Figure 77. The patterns of blade
deflections are similar, but differ in detailed local regions. Thus the quantities should be analyzed

individually.

For the tower top side-side moment shown in figure (left), the increase of DOF is helpful but limited.
The value of normalized error is quite small, which means the difference between estimation difference
and modeling error is small. Therefore it is not recommended to use tower side-side moment as ice-
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detection criterion. For the tower top fore-aft moment shown in figure (right), at least 5 DOF are needed
for ice-detection. There is little improvement if 6 DOFs are applied. It is suitable criteria for both light
and moderate ice-detection. For the tower top torsional moment shown in Figure 77, increase of DOF is
helpful to increase the ice-detection capability, especially from DOF 2 to DOF 3 and from DOF 4 to
DOF 5. This quantity can be used as criteria for moderate ice-detection.
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Figure 76 Normalized tower top side-side (left) and fore-aft (right) bending moment error at different
No. of DOF and ice conditions
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Figure 77 Normalized tower top torsional moment error at different No. of DOF and ice conditions
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8.3 Ice-detection considering measurement errors

In the above analysis, all measurements are considered as accurate without measurement error. However
in reality, there can be errors in the measurements depending on the accuracy of sensors as introduced in
Section 7.3. In this section, the influence of input measurement error and output measurement error will
be introduced.

8.3.1 Linear model input measurement error

The inputs of linearized system are wind speed, generator torque and blade pitch. Generator torque and
blade pitch can usually be measured with high accuracy. However, the wind speed measurement may
include some unavoidable noise. This influence strongly depends on the measuring equipment, which
indicates that the impact can be different from case to case. In order to explain how to consider input
measurement error and have more understanding about the influence of wind speed measurement error,
a case study about different wind measurement error is conducted. It is assumed that the wind
measurement error is random value with different error ranges.

Table 29 displays the wind speed measurement error range. As shown in Table 29, case WE_0 is the
accurate wind speed, case WE_0.5 with measurement error varies from -0.5 m/s to 0.5 m/s randomly,
case WE_1.0 with measurement error varies from -1.0 m/s to 1.0 m/s randomly, case WE_1.5 with
measurement error varies from -1.5 m/s to 1.5 m/s randomly, and case WE_2.0 with measurement error
varies from -2.0 m/s to 2.0 m/s randomly. Figure 78 shows part time series of different wind
measurement with error comparing with accurate wind speed. In order to achieve reasonable results,
here the number of OP is 9 for power and blade properties and 1 for tower properties, and the DOF case
is 6. The ice condition is moderate ice.

Table 29 Wind speed measurement error

Case WE_0 WE 05 | WE_1.0 | WE 15 | WE_20

Error range (m/s) [0, 0] [-0.5,0.5] | [-1.0,1.0] | [-1.5,1.5] | [-2.0, 2.0]
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Figure 78 Time series (450s-460s) of wind speed with and without measurement errors

The input wind speed measurement error can influence not only the estimation difference, but also the
modeling errors, which are shown in Table 30. The estimation difference does not increase much with
the increase of measurement error. However, as wind speed measurement error increases, the modeling
error increases a lot. That means the wind measurement error influences the ice-detection capability.

Table 30 Estimation difference and modeling error of different quantities

Estimate Difference [%] Modeling Error [%]
WE_0 |WE_0.5|WE_1.0| WE_1.5|WE_2.0| WE_0 |WE_0.5|WE_1.0|WE_1.5|\WE_2.0

Gen Power 8.80 8.78 8.80 8.62 9.14 0.35 0.50 0.66 0.77 0.95
Rotor Speed| 8.70 8.68 8.70 8.52 9.04 0.26 042 | 061 | 0.71 | 0.90
OoPDefl1 12.27 11.83 | 12.05 | 1141 | 13.62 7.59 7.22 7.68 8.82 | 10.89

IpDefll 11.52 1126 | 1144 | 1121 | 12.73 6.08 5.93 6.54 7.66 9.49
RootMxc1 7.59 7.63 7.75 7.94 8.25 1.76 1.90 231 2.82 3.53
RootMycl | 12.06 11.76 11.96 11.55 13.24 2.28 2.86 4.14 5.34 6.81
RootMzcl | 5198 | 51.28 | 51.84 | 50.05 | 55.16 | 9.73 | 11.16 | 14.09 | 16.82 | 20.45
RotThrust | 10.99 11.05 | 11.32 | 1158 | 12.11 1.78 2.29 3.58 4.59 6.05
YawBrMxp | 2.60 2.98 3.98 5.04 6.34 1.77 228 | 349 | 467 | 6.04
YawBrMyp | 62.50 62.78 | 63.18 | 63.24 | 64.47 8.67 9.77 | 13.85 | 16.39 | 20.55
YawBrMzp | 14.74 1488 | 1495 | 1525 | 1547 4.81 4.96 5.37 5.92 6.53

As defined in section 7.3, the ice-detection capability is the quotient between the estimation difference
and the modeling error. Here the definition (61) will be used. The ice-detection capability is calculated
for cases with different wind measurement error as shown in Table 31. It can be seen that the ice-
detection capabilities decrease for all quantities when the range of measurement error increases. It
should be noted that these capabilities all remain larger than 1, which means the ice can still be detected
successfully. Moreover, the largest drop of capability happens in power and rotor speed. Although their
capabilities drop to about one third of the original value, they are still sufficient for ice-detection.
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Table 31 Ice-detection capability of different quantities considering wind speed measurement error

WE 0 | WE_05 | WE_1.0 | WE_15 | WE_2.0

Gen Power 25.26 17.72 13.24 11.22 9.66
Rotor Speed | 33.49 20.48 14.35 11.94 10.02
OoPDefl1 1.62 1.64 1.57 1.29 1.25
IpDefll 1.90 1.90 1.75 1.46 1.34
RootMxcl 4.31 4.02 3.36 2.81 2.34
RootMyc1 5.28 4.12 2.89 2.16 1.95
RootMzcl 5.34 4.60 3.68 2.98 2.70
RotThrust 6.18 4.82 3.16 2.52 2.00
YawBrMxp 1.47 1.31 1.14 1.08 1.05
YawBrMyp 7.21 6.42 4.56 3.86 3.14
YawBrMzp 3.06 3.00 2.79 2.58 2.37

The uncertainty factor »' defined in section 7.3 can be calculated. As shown in Figure 79 and Figure 80,

the uncertainty factors increase as the wind measurement error increases, which agrees with the results
shown in Table 31. The uncertainty factors of different quantities are quite different. For power, when
wind speed measurement error is +2 m/s, the uncertainty factor is more than 3. That means the
capability defined by (60) should larger than 3 for successful ice-detection under that measurement error
level. The impact of input measurement errors is different for different quantities. Based on the
influence of measurement errors, the quantities can be approximately classified into two groups, highly
influenced or slightly influenced. Power related properties, thrust and blade root bending moment in y
direction are highly influenced, while the rest are slightly influenced by measurement error.
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Figure 79 Uncertainty factor of power production and blade properties
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8.3.2 Nonlinear system output measurement error

In the previous study, the measurement noise in outputs is neglected. However, the output measurement
may include some unavoidable noise. This influence strongly depends on the measuring equipment,
which indicates that the impact can be different from case to case. In order to explain how to consider
output measurement error and have a better understanding about the influence of output measurement
error, a case study about different output measurement error is conducted. It is assumed that the output
measurement error is random value with different error ranges.

Four levels of output measurement error are considered. Specifically, the upper and lower bound of the
random error is the + 2.5%, + 5%, + 7.5%, + 10% of the maximum of the absolute value of the
corresponding output quantity. Figure 81 shows the time series of blade root out-of-plane bending
moment with different measurement errors as an example.
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Figure 81 Time series (450s-460s) of blade root out-of-plane bending moment with and without
measurement errors

Similar to section 8.3.1, the output measurement error can influence not only the estimation difference,
but also the modeling error, which are shown in Table 32, where E_ 0, E 2.5, E 5, E 7.5 E_10
represent the upper and lower bound of the random error is + 0%, + 2.5%, + 5%, +7.5%, + 10% of the
maximum of the absolute value of the corresponding output quantity. The estimation difference does not
increase much with the increase of measurement error. However, as output measurement increase, the
modeling error increases a lot, especially for power and rotor speed. That means the output measurement
error does influence the ice-detection capability.

(Note that what we call the modeling error is actually the combination of error due to modeling and error
due to measurement)

Table 32 Estimation difference and modeling error of different quantities

Estimate Difference [%)] Modeling Error [%]

EO |E25| E5 | E75 | E10 | EO |E25| E5 |E 75| E_10

Gen Power | 8.74 8.77 8.86 9.02 9.23 0.83 1.12 1.71 2.38 3.10

Rotor Speed | 8.64 8.68 8.79 8.98 9.22 0.77 1.10 1.77 2.52 3.30

OoPDefll1 | 13.09 | 13.18 | 1345 | 13.88 | 1447 8.64 8.77 9.15 9.77 | 10.55

IpDefll 12.28 12.37 | 1259 | 1298 | 13.53 7.32 7.47 7.90 8.58 9.44

RootMxcl 7.66 17.77 8.09 8.63 9.30 2.31 2.67 3.48 4.56 5.75

RootMycl | 12.42 | 12.49 | 1267 | 1298 | 13.38 4.32 4.48 4.94 5.64 6.49

RootMzcl | 53.41 | 53.43 | 53.54 | 53.71 | 53.97 | 1480 | 14.89 | 1519 | 15.64 | 16.29

RotThrust | 11.32 11.38 | 11.53 | 11.81 | 12.17 3.58 3.76 4.23 4.92 5.74

YawBrMxp | 3.98 4.07 4.33 4.71 5.22 3.49 3.99 3.87 4.29 4.83

YawBrMyp | 63.18 | 63.20 | 63.23 | 63.31 | 63.46 | 13.85 | 13.93 | 14.17 | 14.54 | 15.06

YawBrMzp | 14.95 15.00 | 1520 | 1548 | 15.88 5.37 5.48 5.80 6.32 6.95
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As defined in section 7.3, the ice-detection capability is the quotient between the estimation difference
and the modeling error. Here the definition (62) will be used. The ice-detection capability is calculated
for cases with different levels of output measurement error as shown in Table 33. It can be seen that the
ice-detection capabilities decrease for all quantities when the range of measurement error increases. It
should be noted that these capabilities all remain larger than 1, which means the ice can still be detected
successfully. Moreover, the largest drop of capability happens in power and rotor speed, and they are
still sufficient for ice-detection.

Table 33 Ice-detection capability of different quantities considering wind speed measurement error

EO E 25 E5 E 75 E_10

Gen Power 10.54 7.85 5.19 3.79 2.98
Rotor Speed | 11.28 7.86 4.97 3.57 2.80
OoPDefl1 151 1.50 1.47 1.42 1.37
IpDefll 1.68 1.66 1.59 151 1.43
RootMxcl 3.32 2.91 2.33 1.89 1.62
RootMyc1l 2.88 2.79 2.57 2.30 2.06
RootMzcl 3.61 3.59 3.52 3.43 3.31
RotThrust 3.16 3.03 2.73 2.40 2.12
YawBrMxp 1.14 1.13 1.12 1.10 1.08
YawBrMyp 4.56 4.54 4.46 4.36 4.21
YawBrMzp 2.79 2.74 2.62 2.45 2.29

The uncertainty factor " defined in section 7.3 can be calculated. As shown in Figure 82 and Figure 83,

the uncertainty factors increase as the output measurement error increases, which agree with the results
shown in Table 33. For most quantities, the uncertainty factors are less than 1.5. While for power and
rotor speed, when the measurement error is +1004, the uncertainty factor is more than around 4. The
impact of output measurement errors is different for different quantities. Based on the influence of
measurement errors, the quantities can be approximately classified into two groups, highly influenced or
slightly influenced. Power related properties are highly influenced, while the rest are slightly influenced
by measurement error.
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8.4 Influence of ice distribution on blade

In the previous study, the ice formed on the blade has been assumed with almost uniform distribution.
However, in reality, there are more ice accumulates on blade tip than blade root. In this section, the
influence of non-uniform ice distribution on the ice detection capability will be investigated. As shown
in Table 34, three cases with different ice distribution are studied. Similarly as introduced in Chapter 7,
the blade sections from top to bottom in the table are implemented from the blade root to tip. For case 1,
all the blade sections are considered with moderate ice, which is the same situation as in previous
sections. For case 2, only the blade tip is considered with moderate ice, and other blade parts are covered
with light ice. For case 3, there is moderate ice on blade tip and no ice on the other blade sections. It
should be noted that the part of blade with less ice distribution (light in case2, or no ice in case 3)
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consists of more than 60% of the blade length. In reality, if the blade tip is covered with moderate ice,
the ice conditions of other blade sections are probably between moderate ice and no ice. This indicates
that case 1 and case 3 are two extremes cases, and case 2 can be regarded as what may really happen.

Table 34 Ice distribution cases

Blade Section Case 1 Case 2 Case 3
DU W-405 Moderate Light No ice
DU W-350 Moderate Light No ice

DU 97-W-300 Moderate Light No ice

DU 91-W2-250 Moderate Light No ice

DU 91-W-210 Moderate Moderate Moderate

NACA 64-618 Moderate Moderate Moderate

Figure 84 and Figure 85 shows the ice detection capability of power, blade and tower related properties
under different ice distribution conditions. The ice detection capability of most quantities reduced to
some extent, except the blade in-plane moment and tower side-side moment. From case 1 to case 2, the
detection capability reduces about 20%. And from case 2 to case 3, the detection capability also reduces
about 20%. Although detection capabilities reduce, most of them are larger than 1, which means the
blade icing can still be detected successfully. Moreover, the changing patterns of different quantities are
similar. This means most of the conclusions in previous sections are still applicable.

For implementation in reality, it is necessary to use more detailed ice distribution to determine the ice-
detection capability. The current study focus on the concept of the method and considering the
conclusions for different ice-distributions are similar, the uniformly distributed ice condition will be
used in the following Chapters.
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Figure 84 Ice detection capability of power related properties (left) and blade deflections (right) under
different ice distribution
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Figure 85 Ice detection capability of blade root bending moment (left) and tower top bending moment
(right) under different ice distribution

8.5 Summary

The capabilities of ice-detection of different quantities are list in Table 35. The capability is defined to
three levels. “Limited” represents the ice-detection capability is limited with the normalized error
smaller than 2. “Moderate” means ice-detection capability is moderate and the normalized error is from
2 to around 6. “High” means the ice-detection capability is high and the normalized error is above 6. The
above definitions are based on the survey in Section 7.3 for sensors capability and on the analysis in
Section 8.3 for influence of measuring error. In reality, the sources of uncertainty can be complicated
and the above definitions should be tuned accordingly. As shown in Table 35, power and rotor speed
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have the best detection capability. The blade moments and tower moment in y direction can also be used
for detection. However, the rest quantities have very limited detection capability. Therefore, they are not

recommended for detection purpose.

Table 35 The ice-detection capability for above rated wind speed

Start Light Moderate
Power High High High
Rotor speed High High High
OoPDefl1 Limited Limited Limited
IpDefll Limited Limited Limited
RootMxcl Limited Moderate Moderate
RootMycl Limited Moderate Moderate
RootMzcl Limited Moderate Moderate
YawBrMxp Limited Limited Limited
YawBrMyp Moderate Moderate High
YawBrMzp Limited Limited Moderate
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Chapter 9 Ice on Blade Detection—Below Rated Wind Speed

In the previous chapters, the above rated wind speed case was studied in great detail. Moreover,
according to Chapter 3, the below rated wind speed should also be analyzed. In the below rated wind
speed condition, the pitch angle is always zero and power production changes as wind speed change.

In this chapter, the modeling error for below rated will be analyzed first, in a similar way as in Chapter 6.
The focus will be put on how DOFs and OP influence the modeling error of different quantities. Then,
the model-based ice-detection method proposed in Chapter 7 will be applied to examine its capability in
below rated wind conditions.

As an example, the calculations within this chapter will use the wind history as shown in Figure 86. The
mean wind speed is 7 m/s, and oscillates between 3 m/s and 11 m/s. The Frequency profile is shown in
Figure 86. This is a typical below rated wind speed case for the 5SMW wind turbine, and the analysis for
it should be applicable in general.
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Figure 86 Wind speed time series (left) wind speed spectrum (right)

For DOFs, the choices are the same as in Chapter 6. And as for the OP, the similar strategies are applied,
with wind speed in Table 36 used. For the same considerations in Chapter 6, the WT related quantities
can be classified into three groups, which are quantities related to power production, blade properties
and tower properties respectively. These three groups will be analyzed individually in the following
sections, and it will be shown that the quantities within the same group have similar changing patterns
with respect to DOF & OP.

Table 36 Details of operation points for below rated wind speed
No. of OP. 1 2 3 5 9

31 41 51 6! 7! 81 91
10,11

OP.[m/s] 7 6,8 57,9 3,5,7,911
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9.1 Total modeling error

9.1.1 Power production properties

The total modeling error of power and rotor speed is shown in Figure 87. The contours are made with
respect to different combination of DOFs and OP. It can be seen that for both power and rotor speed, the
DOFs have little influence, and the OP dominates the total modeling error. The results demonstrate that
power and rotor speed are almost linearly related with the inputs.

It should be noted that the modeling errors in this below rated case are larger than that of above rated
cases in Chapter 6. This is due to that the power and rotor speed in the below rated wind speed cases
change along with wind speed, while they are controlled to be stable in the above rated wind speed cases.

Power L, Error (%) Rotor speed L, Error (%)

No. of Operation Point
No. of Operation Point

1 ———— . . :
1 2 3 4 5 6

1 2 3 4 5
Case of DOFs Case of DOFs

»

Figure 87 Total error of power (left) and rotor speed (right) for different combinations of DOF &OP

9.1.2 Blade properties

Figure 88 shows the total modeling error of blade out-of-plane deflection for different combinations of
DOFs and OP. From the left figure it can be seen that there is dramatic drop of errors from DOF case 2
to case 3. That means we must include the blade flapwise DOF to achieve a reliable result. For DOF
cases 4, 5 and 6, we plot a separate contour to look into details shown in the right figure. It can be seen
that the No. of DOFs does not influence the error, while the number of OP matters especially from 1 OP
to 2 OP. There is not much improvement when the No. of OP is larger than 2.
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Figure 88 Total error of blade out-of-plane deflection at different combination of DOF & OP

Figure 89 shows the total modeling error of blade in-plane deflection at different combination of DOFs
and OP. From the left figure it can be seen that there is dramatic drop of errors from DOF case 2 to case
4. That means we must include the blade flapwise DOF and blade edgewise DOF to achieve a reliable
result. For DOF cases 4, 5 and 6, we plot a separate contour to look into more details as shown in the
right figure. It can be seen that range of error from about 2% to 3%, which means there is not much
improvement. Similar to out-of-plane deflection, the No. of DOFs does not influence the error, while the
number of OP matters especially from 2 OP to 3 OP. There is not much improvement when the No. of
OP is larger than 3.

IPDefl1 L, Error (%) IPDefl1 L, Error (%)

|

3 4 5 6
Case of DOFs Case of DOFs

No. of Operation Point
No. of Operation Point

Figure 89 Total error of blade in-plane deflection at different combination of DOF &OP

The contour of blade in-plane bending moment is shown in Figure 90. It can be seen that the modeling
error does not change much no matter what DOF or OP choices are implemented. Considering the
model error is already small (about 2.5%), this non-decreasing error may due to some high order effects
that have not been included in any models.
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Figure 90 Total error of blade in-plane bending moment at different combination of DOF &OP

The modeling error for blade out-of-plane bending is contoured in Figure 91. Overall the error decreases
as more DOFs are included and more OPs are applied. The error changes much from DOF number 2 to 3,
that means the blade out-of-plane DOF must be include to achieve a better result. The threshold for
number of OP is 2, that means the number of OP must larger than 2. The benefit of increasing DOFs and
OP is limited when DOF is larger than 3 and OP is larger than 2.

RootMycl L, Error (%)

1! H
: 5 6

Case of DOFs

No. of Operation Point

Figure 91 Total error of blade out-of-plane bending moment at different combination of DOF &OP

Figure 92 displays modeling error of blade torsional moment made with respect to different
combinations of DOFs and OP. From the left figure it can be seen that the dominant factor is DOFs and
threshold of No. of DOFs is case 2 to 4. That means we must include the blade flapwise and edgewise
DOFs to achieve an accurate result. For DOF cases 4, 5 and 6, we plot a separate contour to look into
more details as shown in the right figure. It can be seen that range of error from about 25% to 12%,
which means there is much improvement. The dominant factor is the No. of OP. What’s more there is
no need to apply No. of OP larger than 3, since there is little improvement in that area.
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Figure 92 Total error of blade torsional moment at different combination of DOF &OP

9.1.3 Tower properties

Contour of modeling error of thrust is made with respect to different combination of DOFs and OP
shown in Figure 93. It can be seen that the modeling error decrease with the increase of DOF. Especially,
two thresholds can be found from DOF2 to DOF3 and from DOF 4 to DOF 5. The modeling error can
be considerably lowered by using more than one OP. And it seems that no further benefits can be
achieved if more than 3 OP is used.

No. of Operation Point
09 Ul

2.

RotThrust L, Error (%)
| —

1 2 3 4

Case of DOFs
Figure 93 Total error of blade out-of-plane bending moment at different combination of DOF &OP

Contours of modeling error of tower top side-side, fore-aft and torsional moment are made with respect
to different combination of DOFs and OP shown in Figure 94 and Figure 95. It can be seen that, if 1 or 2
DOFs are used, the modeling error remains small no matter how many OP is used. The reason is that in
this case, there is little structure oscillation in the wind turbine model, thus the OP won’t influence much.
If DOF 3 or even higher DOF are used, the modeling error has a slight decrease if only one OP applied.
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However, it will dramatically increase when more than one OP is used. One possible explanation for this
phenomenon is that there will be structure oscillations, which will be amplified due to nonlinear effects.
Therefore the number of DOFs and OP should be determined with special care.

YawBrMxp L, Error (%) YawBrMyp L, Error (%)

No. of Operation Point
No. of Operation Point

Case of DOFs Case of DOFs

Figure 94 Total error of tower top side-side (left) and fore-aft (right) bending moment at different
combination of DOF &OP

YawBrMzp L, Error (%)

No. of Operation Point

Case of DOFs

Figure 95 Total error of tower torsional moment at different combination of DOF &OP

9.2 Ice-detection capability

The capability of ice-detection depends on the difference between estimation difference and modeling
error. According to section 9.1, there exist many approaches to achieve a better accuracy in linear wind
turbine modeling, such as DOFs and OP. These facts inspire us to increase the ice-detection capability
by using different modeling methods. Thus, in the following subsections, the influence of modeling
methods on ice-detection will be analyzed for different quantities individually. The method used is the
same as Chapter 8.
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9.2.1 Power production properties

According to section 9.1.1, the most efficient way to decrease modeling error for power production is to
increase number of OP. The number of DOFs has little influence and 1 DOF is accurate enough.
Therefore the number of DOF of quantities related to power production is set to 1 (variable generator
DOF), and the number of OP changes from 1 to 9. The contours of normalized power and rotor speed
error at different No. of OP and ice conditions are shown in Figure 96. As the patterns of power and
rotor speed error are similar, the power is analyzed in detail as an example, and the conclusions are also
applicable for rotor speed.

The contour can be analysis in two aspects:

(1) For a certain OP model, the normalized ice-detection error, which represents the detection accuracy,
can be predicted for a given ice condition. More ice on blade condition induces larger normalized error,
therefore easier to be detected. The ice-detection capability for power in below rated wind speed case is
much larger than that of above rated wind speed. The reason is that ice on blade has large influence on
power at below rated wind speed, which is shown in Figure 56.

(2) For a certain ice-condition, more OP induces larger normalized error therefore larger ice-detection
capability. For example from 5 OP to 9 OP, the ice-detection capability increases a lot especially for
moderate ice case. The increase of OP has even better effects for more severe ice conditions, which
indicates that OP methods is a highly recommended modeling method for power and rotor speed.
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Figure 96 Normalized power (left) and rotor speed (right) error at different No. of OP and ice conditions

9.2.2 Blade properties

According to section 9.1, 3 OP the best choice and it would be helpful to investigate the influence of the
number of DOFs. Therefore the number of OP of quantities related to blade properties is set to 3, and the
number of DOFs changes from 1 to 6. Figure 97 shows the contours of normalized blade deflection error
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at different DOF cases and ice conditions. The patterns of blade deflections are similar, the in-plane
deflection (left) is analyzed in detail as an example, and the conclusions are also applicable for the other.

The contour can be analysis in two aspects:

(1) For a certain DOF model, the normalized ice-detection error, which represents the detection accuracy,
can be predicted for a given ice condition. More ice on blade condition has larger normalized error,
therefore easier to be detected. The ice-detection capability of blade deflection of below rated wind
speed is much larger than that of above rated wind speed.

(2) For a certain ice-condition, increasing the number of DOF is helpful from DOF 2 to DOF 3 for blade
out-of-plane deflection and from DOF 3 to DOF 4 for blade in-plane deflection. Moreover, if the
number of DOF increases further, the capability changes less, although there is still benefit. The increase
of DOF has even larger effects for more severe ice conditions. Overall the blade deflection is
recommended for ice-detection.
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Figure 97 Normalized blade deflection error at different No. of DOF and ice conditions

The contours of normalized blade root bending moment error at different DOF cases and ice conditions
are shown in Figure 98and Figure 99. They are different in the changing patterns, especially in detailed
local regions. Thus the quantities should be analyzed individually. For the blade in-plane moment shown
in Figure 98 (left), the changing pattern is quite different the others. More DOFs don’t increase the ice-
detection capability. 1 DOF is the best choice. For the blade out-of-plane moment shown in Figure 98
(right), ice-detection capability increase as the ice condition becomes severe from start to moderate.
Increase the No. of DOFs does not improve the ice-detection capability. Overall it has relatively large
ice-detection capability and is recommended for ice-detection. For the blade torsional moment shown in
Figure 99, the ice-detection capability is relatively small for all No. of DOFs and ice conditions.
Therefore it is not recommended for ice-detection.
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Figure 98 Normalized blade root in-plane (left) and out-of-plane (right) bending moment error at
different No. of DOF and ice conditions
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Figure 99 Normalized blade root torsional moment error at different No. of DOF and ice conditions

9.2.3 Tower properties

According to section 9.1, the most efficient way to decrease the modeling error is to increase the number
of DOFs. The number of OPs is 1 and the number of DOF cases changes from 1 to 6. The contours of
normalized tower top bending moment error at different DOF cases and ice conditions are shown in
Figure 100 and Figure 101. They are different in the changing patterns, especially in detailed local
regions. Thus the quantities should be analyzed individually.

For the tower top side-side moment shown in Figure 100(left), the increase of DOF is helpful but limited.
The value of normalized error is quite small, which means ice-detection capability is small. Therefore it
is not recommended to use tower side-side moment as ice-detection criteria. For the tower top fore-aft
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moment shown in Figure 100(right), no matter how many DOFs are included and what ice conditions
are, the ice-detection capability is very small. Therefore, it is not recommended for ice-detection. For the
tower top torsional moment, increase of DOF is helpful to increase the ice-detection capability,
especially from DOF 4 to DOF 5 and from DOF 2 to DOF 3. This quantity can be used as criteria for

ice-detection.
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Figure 100 Normalized tower top side-side (left) and fore-aft (right) bending moment error at different
No. of DOF and ice conditions
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Figure 101 Normalized tower top torsional moment error at different No. of DOF and ice conditions
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9.3 Summary

The capabilities of ice-detection of different quantities are list in Table 37. The capability is defined to
three levels. The capability is defined to three levels. “Limited” represents the ice-detection capability is
limited with the normalized error smaller than 2. “Moderate” means ice-detection capability is moderate
and the normalized error is from 2 to around 6. “High” means the ice-detection capability is high and the
normalized error is above 6. The base and limitation for the above definitions are similar to that
discussed in Section 8.4. As shown in Table 37, the results are similar to above rated wind speed
condition, but the detection capability is reduced in general. However, they are still sufficient for ice

detection.

Table 37 The ice-detection capability for below rated wind speed

Start Light Moderate
Power Moderate Moderate High
Rotor speed Moderate High High
OoPDefl1 Limited Limited Moderate
IpDefll Limited Limited Moderate
RootMxcl Limited Moderate Moderate
RootMycl Limited Moderate Moderate
RootMzcl Limited Limited Limited
YawBrMxp Limited Limited Moderate
YawBrMyp Limited Limited Limited
YawBrMzp Limited Moderate Moderate
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Chapter 10 Conclusions and Suggestions for Future Work

In this study, a model-based detection method has been developed for ice on wind turbine blades. The
detection method has been systematically verified for a 5SMW wind turbine. The main work and
conclusions are summarized as follows.

(1) Development of a wind turbine model

The developments of a wind turbine model are in two steps. Firstly, the nonlinear model is established
with Blade Element Method (BEM) for the aerodynamics and modal analysis method for structure
dynamics. Then this nonlinear model is linearized for convenience in design and simulation. The
linearization starts by determining the number of DOFs and OP. This model has been used for ice-
detection in the later part of this study. Moreover, it can be used for other generous purposes like wind
turbine control design.

(2) Analysis of the modeling errors

The total modeling error is the difference between linear model with part DOFs and the nonlinear model
with full DOFs. The total modeling error is a combination of error due to DOFs and linearization. In
order to have an insight into the influence of DOFs and linearization to total modeling error, simulations
are carried out for all the possible combinations of 6 different DOFs cases and 5 OP cases. The relative
importance of DOF and OP is revealed and suggestions are given for an optimum choice of DOFs and
OP. This provides the foundation to improve the model-based ice-detection capability in the later study.

The main conclusions are as follows. Firstly, for the power related properties, the most important DOFs
are blade flapwise and tower fore-aft DOFs. Since the modeling error decrease continuously as more
OPs are used, there is no optimum No. of OPs. From the contours of total modeling error, it can be
concluded that the dominant factor for power related properties is the number of OPs. That means the
most efficient way to decrease the modeling error of power related properties is to increase the No. of
OPs, rather than increase the No. of DOFs. Secondly, for the blade related properties, the most important
DOFs are blade flapwise and edgewise DOFs. If the No. of OPs is larger than 2, the error due to
linearization becomes stable. Therefore, the optimum number of OPs is 2 for blade related properties.
Moreover, the dominant factor is the No. of DOFs. Thirdly, for the tower related properties, the most
important DOFs are blade flapwise and tower fore-aft DOFs. And the optimum No. of OPs is 1. Under
that condition, the No. of DOFs is the dominant factor for tower related properties.

(3) Development of a model-based ice-detection method

The influence of ice on blade is studied, which is the basis of ice on blade detection. Then a model-
based ice-detection method is developed. The concept of model-based ice-detection is as follows: Firstly
ice on blade changes the aerodynamics and the blade mass. Therefore it can be considered as one wind
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turbine system changed to a different system. That means the outputs of the two systems, with ice and
without ice, are different, even the inputs are exactly the same. From the ice-detection point of view, if
the difference of outputs between iced system and cleaned one is much larger than modeling error, ice
on blade can be detected. For possible measurement error in reality, they are efficiently considered by
introducing uncertainty factors.

(4) Verification of the model-based ice-detection method

The ice-detection capability of different output quantities are studied, including the power production,
blade and tower properties. Their behaviors are quite different in detection capability. For each quantity,
detailed analysis has been carried out in the aim of improving the ice-detection capability. The
implementation is based on the properties of the wind turbine modeling.

The uncertainty factors have been studies, in order to efficiently determine ice-detection capability
considering measurement errors. With measurement error considered, a drop in the detection capability
has been observed. Based on the influence of measurement errors, the quantities can be classified into
two groups, highly influenced or slightly influenced. Power related properties are highly influenced,
while blade and tower related properties are slightly influenced by measurement error.

The verification studies on detection capability have been performed for both above rated and below
rated wind speed conditions. Suggestions have been given for how to choose output quantities according
to the sensors and requirements in accuracy. The main conclusions and suggestions are as follows.
Firstly, for the above rated wind speed, power and rotor speed have the best detection capability, and
they are highly recommended to be used for ice detection. The blade root bending moment and tower
top bending moment in y direction has moderate detection capability, and they can also be applied for
ice detection. However, for the rest quantities, the detection capabilities are very limited. Therefore, they
are not recommended for ice detection. Secondly, for the below rated wind speed condition, the
conclusions are similar. Although the detection capability is reduced in general, they can still be used for
ice detection. Overall, the ice-detection method is widely proved in different working conditions.

The influence of ice-distribution on the blade has also been studied. The blade root usually has less ice
than the blade tip. Although this decrease in the icing amount can lead to lower ice-detection capabilities,
most of the quantities are still feasible for detection. Moreover, the changing patterns of ice-detection
capabilities remain the same, which means the previous conclusions still validate.

Suggestions for future work

Here are some suggestions for the future works. Firstly, more study is need for the measurement error,
since the ice detection method is much influenced by measurement uncertainties. Specifically, the
precision of the sensors should be studied in-depth. And conduct more investigation about on features of
error, such as frequency of noise and the range of errors. Then based on the more reliable measurement
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errors, the uncertainty factor can be estimated more properly. Secondly, wider implementation of the ice
detection method is suggested to be studied. In this thesis, the method is applied on the NREL 5MW
wind turbine. And it is also very interesting to study whether the method can be applied for other wind
turbine designs, such as vertical axis wind turbine and smaller wind turbines. What’s more, it is also
meaningful to study whether this method is proper to be applied in floating wind turbines. As there are
more DOFs in floating wind turbines, the complexity will increase. Finally, verifications based on real
measurement data are important to judge whether the method work well in reality. Therefore, if
measurement data is available, the verification work is strongly suggested.
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Appendix

Al. Figure for error due to limited No. of DOFs
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Figure 1 Time series (left) and spectrum (right) of torque under different DOFs
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Figure 2 Time series (left) and spectrum (right) of rotor speed under different DOFs
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Figure 3 Time series (left) and spectrum (right) of pitch under different DOFs

A2. Figure for OP. at different azimuth
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Figure 4 Blade out-of-plane OP (left) and in-plane OP (right) deflections of different azimuth angle and
wind speed
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Figure 5 Blade in-plane OP (left) and out-of-plane OP (right) bending moment of different azimuth
angle and wind speed
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Figure 6 Rotor thrust OP (left) and tower side-side bending moment OP (right) of different azimuth
angle and wind speed
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Figure 7 Tower fore-aft OP (left) and tower side-side OP (right) bending moment of different azimuth
angle and wind speed

A3. Figure for error due to linearization (OP)
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Figure 8 Blade root in-plane bending moment time series (left) and spectrum (right) at different OP
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Figure 9 Blade root out-of-plane bending moment time series (left) and spectrum (right) at different OP
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Figure 10 Blade root torsional moment time series (left) and spectrum (right) at different OP
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A4. Table for total modeling error contour plot

Table 1 Total modeling error of different quantities and DOFs

DOF _1 [%] DOF _1 [%]

No. of OP 1 2 3 5 9 1 2 3 5 9

Gen Power 0.83 0.58 0.54 0.54 0.48 0.84 0.58 0.54 0.55 0.49

Rotor Speed | 0.78 0.52 0.49 0.49 0.45 0.78 0.52 0.49 0.49 0.45

OoPDefl1 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

IpDefll 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

RootMxc1 3.37 3.31 3.30 3.34 3.33 3.43 3.38 3.37 3.40 3.39

RootMycl | 10.30 | 10.10 | 10.12 | 9.98 | 10.05 | 10.29 | 10.09 | 10.12 | 9.97 | 10.04

RootMzcl | 44.60 | 4449 | 4436 | 4459 | 44.39 | 4459 | 44.48 | 44.36 | 44.58 | 44.39

RotThrust 7.82 7.76 7.76 7.79 7.78 7.81 7.75 7.75 7.78 17.77

YawBrMxp | 2.07 2.05 2.06 2.05 2.06 2.50 2.49 2.49 2.49 2.50

YawBrMyp | 49.50 | 49.34 | 49.36 | 49.35 | 49.35 | 49.50 | 49.34 | 49.36 | 49.35 | 49.35

YawBrMzp | 11.89 | 11.64 | 11.63 | 11.59 | 11.62 | 11.92 | 11.68 | 11.67 | 11.63 | 11.66

Table 1 Total modeling error of different quantities and DOFs (continue)

DOF_3 [%] DOF_4 [%]

No. of OP 1 2 3 5 9 1 2 3 5 1

Gen Power 0.89 0.61 0.55 0.56 0.45 0.87 0.60 0.53 0.55 0.87

Rotor Speed | 0.81 0.52 0.46 0.48 0.36 0.79 0.51 0.45 0.46 0.79

OoPDefl1 10.18 | 10.05 | 10.02 | 10.00 | 10.09 | 8.08 7.87 7.73 7.67 8.08

IpDefll 47.12 | 46.96 | 46.94 | 4691 | 46.83 | 6.82 6.44 6.42 6.42 6.82
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RootMxcl 2.89 2.80 2.81 2.82 2.81 1.84 1.72 1.72 1.72 1.84
RootMycl 3.93 3.64 3.62 3.63 3.62 3.71 3.42 3.41 3.42 3.71

RootMzcl 34.96 35.68 | 36.13 | 36.09 | 36.13 | 11.12 | 10.53 | 10.66 | 10.78 | 11.12

RotThrust 5.44 5.38 5.40 5.41 5.38 5.36 5.30 5.34 5.35 5.36
YawBrMxp 1.97 1.95 1.95 1.95 1.95 1.96 2.14 2.24 2.27 1.96
YawBrMyp | 33.04 4422 | 48.26 | 49.81 | 4895 | 31.08 | 42.18 | 46.28 | 48.05 | 31.08
YawBrMzp 7.78 22.64 | 28.08 | 30.04 | 29.00 6.35 22.18 | 27.89 | 30.07 6.35

Table 1 Total modeling error of different quantities and DOFs (continue)
DOF_5 [%] DOF_6 [%]

No. of OP 1 2 3 5 9 1 2 3 5 9
Gen Power 0.81 0.53 0.47 0.47 0.38 0.81 0.53 0.45 0.47 0.35
Rotor Speed | 0.74 0.44 0.38 0.38 0.29 0.74 0.44 0.37 0.39 0.26

OoPDefl1 7.62 7.39 7.27 7.23 7.30 7.61 7.41 6.87 7.24 7.59

IpDefl1 6.55 6.13 6.13 | 6.14 | 591 6.51 6.14 | 581 | 6.12 | 6.08

RootMxcl 1.84 1.72 1.72 1.73 1.72 1.88 1.76 1.67 1.76 1.76
RootMyc1l 2.81 2.37 2.31 2.32 2.30 2.80 2.36 2.20 2.32 2.28
RootMzcl 10.41 9.83 9.93 | 10.01 | 9.92 10.41 9.80 9.51 10.01 | 9.73

RotThrust 1.78 151 1.51 1.52 151 1.78 151 1.44 1.52 1.49
YawBrMxp 1.97 2.17 2.22 2.26 2.35 1.77 2.00 1.98 2.08 2.13
YawBrMyp | 8.84 2799 | 29.80 | 31.49 | 39.17 8.67 27.88 | 29.95 | 31.52 | 37.58
YawBrMzp | 4.89 23.86 | 27.29 | 29.11 | 34.17 4.81 24.01 | 27.46 | 28.91 | 32.76
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Ab5. Plot for lift and drag coefficient
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Figure 11 Lift (left) and drag (right) coefficient of NREL 5 MW blade section DU21-A17 at different
angle of attack
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Figure 12 Lift (left) and drag (right) coefficient of NREL 5 MW blade section DU25-A17 at different
angle of attack
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Figure 13 Lift (left) and drag (right) coefficient of NREL 5 MW blade section DU30-A17 at different
angle of attack
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Figure 14 Lift (left) and drag (right) coefficient of NREL 5 MW blade section DU35-A17 at different
angle of attack

129



Cl of DU40-A17
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Figure 15 Lift (left) and drag (right) coefficient of NREL 5 MW blade section DU40-A17 at different
angle of attack
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