
   

  

  

 

 

Load Reducing Control for Wind Turbines: 

Load Estimation and Higher Level Controller 

Tuning based on Disturbance Spectra and 

Linear Models 
 

 

 

Dissertation for the academic degree 

Doktor der Ingenieurswissenschaften (Dr.-Ing.) 

 

 

 

Submitted to the Faculty of Electrical Engineering and Computer Science 

of the University of Kassel 

 

by Martin Shan 

(né Geyler) 

 

 

 

 

 

Date of Disputation: March 21, 2017 

 

Supervisor:   Prof. Dr. rer. nat. Clemens Hoffmann, 

University of Kassel, Fachgebiet Integrierte Energiesysteme 

Co-Supervisor:  Prof. Dr. Carlo L. Bottasso, 

TU München, Chair of Wind Energy 

 



 
 

 

 

II   M.Shan  Load Reducing Control for Wind Turbines 

 

 

 



 
 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   III  

 

Erklärung 
 
Hiermit versichere ich, dass ich die vorliegende Dissertation selbständig, ohne unerlaubte Hilfe 
Dritter angefertigt und andere als die in der Dissertation angegebenen Hilfsmittel nicht benutzt 
habe. Alle Stellen, die wörtlich oder sinngemäß aus veröffentlichten oder unveröffentlichten 
Schriften entnommen sind, habe ich als solche kenntlich gemacht. Dritte waren an der 
inhaltlichen Erstellung der Dissertation nicht beteiligt; insbesondere habe ich nicht die Hilfe eines 
kommerziellen Promotionsberaters in Anspruch genommen. Kein Teil dieser Arbeit ist in einem 
anderen Promotions- oder Habilitationsverfahren durch mich verwendet worden. 
 
 
 
 
 
Martin Shan, 31.10.2016 
 



 
 

 

 

IV   M.Shan  Load Reducing Control for Wind Turbines 

 

 

  



 
 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   V  

 

Abstract 

The aim of this work is to demonstrate an efficient and pragmatic approach for design and 
optimization of load reducing controllers for wind turbines. Load reducing control means that, 
besides the classical rotor speed control loop, load or oscillation signals are included as 
additional input signals into the controller. Thereby, a multiple-input-multiple-output (MIMO) 
control design problem arises. 

While the basic concepts of load reducing control and the achievable load reductions are 
essentially known from literature and will be summarized, in this work, additional focus is put on 
the achievable cost reductions. The rating of tower and rotor blades and the different strategies 
for reducing the Levelized Cost of Energy (LCOE) are discussed. It is motivated that control 
strategies, aiming at increasing the annual energy production or extending the operational 
lifetime of the turbine, may be more effective than such reducing the cost of structural 
components. Special attention is given to the effects of load reducing pitch control on the rating 
of the pitch actuation system. Detailed methods for evaluating the pitch system loading for small 
cyclic movements are presented and compared to standard approaches. 

The design of load reducing pitch controllers is carried out in the frequency domain. This makes 
sense, because information on the main disturbance, the turbulence of the wind field, can only 
be given in a statistical sense, in form of frequency spectra. It is shown that common control 
objectives, as fatigue loads for tower and blades and the maximum expected value of rotor 
speed deviations, can be evaluated in the frequency domain, based on the power spectral 
density (PSD) of the considered signals. If the turbine behavior can be approximated by linear 
models, these PSDs can be calculated very efficiently without the need for comprehensive time 
domain simulations. For this controller evaluation, np periodic components due to tower 
shadow and spatially distributed turbulence need to be included in the spectra of the output 
signals. This is achieved by combining the linear wind turbine models with a CPSD matrix of the 
output disturbances, derived from measurements or nonlinear simulations of a reference 
configuration. 

For the actual control design, different approaches based on H∞ or H2 norm minimization are 
investigated. These frequency domain approaches are compatible to the controller evaluation 
based on PSD. It is motivated that the primary use of these multivariable control design 
approaches is not to find an optimum controller, but to assure the closed loop stability and to 
handle the couplings between different control loops. By using parametric weighting functions, 
higher level control design parameters can be introduced, having a more direct relation to 
performance and robustness properties than parameters of classical controller structures. The 
actual H∞/H2 controller calculations are thus embedded in a higher level controller tuning 
scheme, which makes it easier to find the limits of the feasible design region and to decide on a 
good controller finally. Exemplarily, this hierarchical control design / controller tuning approach 
is demonstrated for two different types of load reducing pitch controllers: (1) a combined Rotor 
Speed / Active Tower Damping Controller and (2) an Individual Pitch Controller. 
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List of Symbols 

 
Symbol  Description Remark 
D Fatigue damage  
MYT Tower bottom fore-aft bending moment  

Mfl Blade root flapwise bending moment  
Ms Yawing moment acting on the rotor around 

the hub 
 

Mc Tilting moment acting on the rotor around 
the hub 

 

Mot Total overturning moment acting on the pitch 
bearing 

 

Mpitch Moment around the pitch axis of the blade  

Mfric Friction moment created by the pitch bearing  

aTx Tower top acceleration fore-aft  

 / i Rotor angle / azimuth angle of individual 
rotor blades 

 

pitch Pitch angle  

pitch Pitch speed  

gen Generator speed  

K() Controller transfer function matrix  

G() Transfer function matrix with pitch angle 
input  

 

N() Closed loop transfer function matrix  

D() Disturbance transfer function  

Gact() Pitch actuator transfer function  

W() Weighting function for control design  

() Transfer function matrix describing model 
uncertainty 

 

 ,  ̅ Singular value, maximum singular value  

µ Structured singular value  

S() Sensitivity function  

T() Complementary sensitivity function  

1p, 3p, np 1 per revolution, 3 per revolution,  
n per revolution 

 

Subscript 123 Blade signals related to the 3 individual rotor 
blades 

 

Subscript 0sc Blade signals in Multiblade coordinates  
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Abbreviation Description Remark 
AEP Annual Energy Production  

Capex Capital Costs  

CPC Collective Pitch Control  

CPSD Cross Power Spectral Density  

DEL Damage equivalent load  

FCR Fixed Charge Rate  

IPC Individual Pitch Control  

LCOE Levelized Cost of Energy  

MIMO Multiple Input Multiple Output  

Opex Operating Costs  

PSD Power Spectral Density  

SISO Single Input Single Output  
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1  Introduction  

This introduction gives a short and general overview on the objectives and structure of wind 
turbine control. The state-of-the-art of wind turbine controllers is described and the control 
strategies for partial-load and full-load operation are specified. In the second part, the main 
challenges of load reducing control for wind turbines are discussed. The control design approach 
investigated in this work is motivated. The outline of this work is given at the end. 

1.1 Objectives and structure of classical wind turbine control 

1.1.1 Control of wind turbines as disturbance rejection problem 

Wind turbines operate in a turbulent i.e. stochastically varying wind field. The time series of the 
effective wind speed acting on the rotor is thus not known a priori and can undergo large and 
sudden variations. The relevant operational signals and loads, on the other hand, have to stay 
within well-defined limits, which are inherently given by the turbine design and other 
operational requirements. The primary objective for control of wind turbines can thus be 
understood as suppression of external disturbances in the sense that the given limits of the 
operational signals are not exceeded. An overview of important operational signals and the 
belonging type of limits is given in Table 1. 

In Figure 1 the general structure of the control problem is shown. The most important external 
disturbance is the turbulent wind field, resulting in fluctuations of aerodynamic forces acting on 
the rotor. Another external disturbance could be the variation in grid voltage, due to e.g. grid 
faults, which however should not further be considered in this work.  

It is a well-known fact that control design for a wind turbine has a close relation to the 
mechanical loads that occur in the structural components as blades, tower, drive train and 
nacelle bed plate. For evaluating the effect of control on the mechanical loads, representative 
„hot spot“-loads are normally considered. Such representative loads are typically the blade root 
bending moments, the tower base bending moments and the torsional moment in the drive 
train. In Table 1 it can be seen further that, beside absolute limits for time series of operational 
signals, also limits on cumulated fatigue damage are of importance, which must be determined 
over the operational life time of the wind turbine.   

A typical controller structure for modern wind turbines is shown in Figure 2 and was described 
in [1]. In many cases, it consists of two independent control loops for rotor or generator speed, 
where only one is active at a time. In the partial-load operational region the pitch angle is 
adjusted to a constant value, assuring maximum aerodynamic efficiency. The rotor speed is 
regulated using the air-gap torque of the generator as actuation signal. In the full-load region 
the generator torque is kept constant while the variable pitch angle is used to adjust the 
aerodynamic torque acting on the rotor. Thereby, effectively, the aerodynamic power captured 
from the wind is limited.  

1.1.2 The control problem in the partial-load operational region 

In the partial-load region, as secondary control objective in addition to the mentioned 
disturbance rejection, the energy capture from the wind should be maximized. For this purpose, 
the rotor speed to wind speed ratio is adjusted to the optimum value while the pitch angle is 
kept constant or adjusted marginally close to fine pitch. In the easiest case, rotor speed tracking 
is achieved by implementing a speed-torque-characteristic in the generator system, which  
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Table 1: Relevant operational signals and the belonging types of limitations 

Operational Signal Physical Limit Type of Limitation 

Rotor speed 

 

Limitation of induced voltages in the 
generator, voltage limit of power 
converter 

Absolute maximum 

           

Mechanical loads in rotor and drive train 

Generator power 

P 

Current limit power converter Absolute maximum 

           

Heating of power converter and 
generator 

Sliding integral over time window T 

∫         

    

  

 

Mechanical stress in structural 
components 

 

Admissible extreme load Absolute maximum 

| |       

Admissible fatigue load Accumulated fatigue damage over 
operational life time of the turbine 

 ∑   
 

 
  (  )       

Si - range of load cycles in time series of 

stress  

ni - number of load cycles with range Si 

Tower top acceleration 

aT 

Mechanical loads in tower and rotor 
blades,  

Mechanical stress in system components 
in nacelle and rotor  

Absolute maximum 

|aT| < aT,adm 

 

 

 

Figure 1: General structure of the control problem for wind turbines 
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assures the adjustment of optimum tip speed ratio at least in steady state. This curve in most 
cases is computed a-priori based on models of rotor aerodynamics as well as generator and drive 
train losses. This models, however, may show considerable uncertainties which will result in 
energy losses. As a possible solution, an adaptive approach was proposed by Johnson [2], where 
a factor of the torque speed curve is determined based on the measured mean energy capture. 

It is possible to improve the dynamic tracking of the optimum tip speed ratio by including the 
rotor acceleration terms into the calculation of the generator air-gap torque or using an 
estimation of the rotor effective wind speed [3], [4]. In many cases, however, this will result in 
large variations in generator torque that are not in relation to the achievable improvements in 
energy capture. 

An alternative control approach for rotor speed adjustments in the partial-load region is the so 
called Disturbance Tracking Control as proposed by Stol [5]. This approach is based on state 
space models of the wind turbine. The author points out, however, that it is only feasible for 
strongly simplified models.  

 

 
 

Figure 2: State-of-the-art control system structure of a variable speed wind turbine 
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1.1.3 The control problem in the full-load operational region 

In the full-load operational region there is more power available from the wind than can be 
captured by the wind turbine. In the sense of the mentioned disturbance rejection, the power 
has to be limited to the rated value of the turbine. This can be done indirectly by controlling the 
rotor speed using pitch angle adjustment. For that, a constant reference value for the rotor 
speed and the generator torque is normally assumed. In practice, the controller is typically of PID 
type with some kind of gain scheduling applied, see [6], [1]. Additional filters are used to avoid 
interactions of the speed controller with drive train torsional modes and periodic excitations.  

It should be kept in mind that the main objective of rotor speed control in the full-load 
operational region is not to track the constant reference value, but to keep rotor speed 
variations within a tolerance band. In particular, it should be assured that rotor speed deviations 
in case of gusts stay below the maximum limitation. A fast reaction to sudden changes in wind 
speed is equally important for the limitation of extreme loads acting on rotor blades and tower. 
For conventional controllers this can be achieved by including a sufficiently large D-component 
in the speed controller. Of course, the bandwidth limitation imposed by the 1st tower bending 
eigen-frequency and the limits of the pitch actuator have to be considered. 

Another approach to reduce the sensitivity to gusts is to use estimated signals of the wind speed 
acting on the rotor for the purpose of control. The estimated rotor effective wind speed can be 
used in a feed-forward term to improve the controller response. Hooft et al. [7] describe an 
estimator for the rotor effective wind speed. If rotor angular acceleration is used in the 
estimation, the estimator in fact can be considered as physically motivated parameterization of a 
D-part in the rotor speed controller, which may vary with the operating point of the turbine. 
Alternatively, the estimation can also rely on a measurement of the blade bending moments [8]. 

Botasso and Croce show in [9] that non-linear and adaptive controllers could have advantages 
over the classical PID controller structure, especially for gusts with large changes in wind speed. 
Another modern approach for the wind turbine control problem is the so called Disturbance 
Accommodating Control (DAC). This approach was applied firstly for wind turbines by Balas 
[10]. A controller with state feedback is used, based on a state estimator which includes, besides 
the states of the wind turbine itself, a model of the wind speed disturbance. If a sufficiently 
accurate model of the wind turbine is used, in addition to the actual speed control, also other 
control objectives like active damping of structural modes can be realized, compare [11].  

1.2 Load reducing control design: problem formulation and main 
contributions 

1.2.1 MIMO control design for the integration of load and vibration signals 

As explained in the previous introduction, in most state-of-the-art controllers for wind turbines 
either rotor or generator speed is used as single measured input signal. Depending on the 
operational region, generator torque or pitch angle are applied as actuation signal. PID type 
controllers, augmented with some filters, are typically used. To find the parameters of these 
controllers, for each operating point, classical linear single-input-single-output (SISO) control 
design can be applied. However, a number of control objectives must be considered that are 
nonlinear in nature. For this reason, the process of tuning the controller parameters is typically 
performed based on a large number of nonlinear simulations. 

The main objective for pitch control is the limitation of rotor speed and power in the presence of 
turbulent wind fields and gusts. As mentioned before, the controller of a wind turbine has a 
major influence on the mechanical loads, especially for tower and blades. Another essential 
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objective for control design is therefore to keep the extreme and fatigue loads for these 
structural components below specified limits. The individual control objectives may be conflicting 
with each other. For example, it is well-known that a more aggressive rotor speed controller 
tends to increase the fatigue loading of the tower [6].  

In the classical approach, the influence of the controller on the loads is handled in a rather 
indirect way. For certification purposes, it is shown that the design loads are not exceeded for a 
number of nonlinear simulations comprising a set of defined operational situations with given 
turbulent and deterministic wind fields [6]. The envelope of these so called Design Load Cases 
(DLC) is defined in standards and guidelines, e.g. IEC 61400 [12]. It is assumed to be 
conservative with respect to the resulting loads, as compared to the load history seen by the real 
wind turbine. During operation of the wind turbine, the control system uses no information on 
the actual load situation. It is clear that the accuracy of the load predictions heavily depends on 
the assumptions made in the Design Load Cases. 

In order to reduce the conservativeness in the load predictions, and to reduce sensitivity to 
uncertainties or incompleteness in the foreseen operational situations, a more direct control of 
mechanical loads could be established in the sense of active load control / active load reduction. 
For that purpose, it is natural to include additional input signals into the controller, representing 
actual mechanical loads or oscillations. The classical SISO control design problem is then 
replaced by a multiple-input-multiple-output (MIMO) problem.  

In practice, the classical rotor speed controller may be augmented with additional loops for 
active damping of structural modes or for compensation of periodic load components [13], [14]. 
In chapter 2, an overview of the basic concepts of load reducing control will be given. The 
individual control loops are typically designed one-by-one in an iterative process. In this 
arrangement it is difficult, however, to find an overall optimum in the control design, 
considering both the interactions between the different control loops and the conflicts between 
different control objectives. 

In contradiction, modern approaches for MIMO control design, in principle, allow for parallel 
optimization of a number of control loops, considering several control objectives. Many different 
approaches both in the frequency and in the time domain have been applied for control design 
for wind turbines. A complete list would be beyond the scope of this section; selected overviews 
can be found e.g. in [15], [16], [17]. In contradiction, very few practical testing results have been 
published. As prominent example, Wright [11] investigated different measurement and actuator 
combinations for the DAC based control of a flexible wind turbine. In [18] the field testing of 
such controllers on a two bladed prototype wind turbine is described. 

One drawback, which may prevent modern control design approaches from industrial 
application, is the need for sufficiently accurate models. In comparison to conventional controller 
designs this will result in considerably increased modeling and model validation efforts. 
Furthermore, the dynamic behavior of wind turbines, even of the same type, may show 
considerable variations due to e.g. differences in foundation stiffness, tower height or 
manufacturing tolerances for the blades. To get the optimum controller performance, modelling 
and control design may be repeated for every individual turbine. A more practical solution, if the 
range of system variations can be estimated, is to include suitable robustness requirements into 
the control design approach, as is possible for instance in the framework of H∞ control design 
[19]. 

Another practical drawback of modern control design approaches is the fact, that the weighting 
of different control objectives in many cases is not obvious. As a consequence, the problem of 
tuning the parameters of individual controllers is often shifted towards tuning of weighting 
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matrices or weighting functions. The determination of the weightings required for modern 
control design approaches is very rarely described in literature and is often left to a trial-and-
error approach or to the intuition of the control engineer. Furthermore, the actual criteria for 
control design, in many cases, are non-linear in nature and difficult to approximate in a linear 
control design.  

A further problem regarding the practical application of modern MIMO control design 
approaches might be the high order of the resulting controllers. Integration in practical gain 
scheduling, controller switching and output saturation schemes may be more difficult for high 
order controllers. A discussion of practical aspects for control design of wind turbines is provided 
by Bossanyi et al. [20]. 

Finally, the missing transparency, modularity and adjustability of the “black box” monolithic 
controllers resulting from modern control design approaches should be mentioned, which in 
some cases may prevent the application in practice. 

1.2.2 Approach and main contributions 

Load reducing control for wind turbines, in practice, is always a compromise between actuator 
loads / duty, robustness requirements, and the achievable load reductions. This will be explained 
in chapter 3 in more detail. The classical way of controller tuning and optimization is based on a 
large number of time domain simulations and is thus very time consuming.  

The aim of this work is to help making this process faster and more transparent. For that 
purpose, a pragmatic approach to multivariable, load reducing control design for wind turbines 
is applied. The controllers should  

 reduce fatigue / extreme loads of tower and blades, 

 based on disturbance information in the frequency domain, 
 for given pitch actuator limitations (pitch speed, total pitch movement) . 

Modern control design methods based on H∞/H2-norm minimization in the frequency domain 
will be used. Frequency domain approaches are chosen because, due to the stochastic nature of 
turbulence, the wind disturbance can normally only be described in a statistical way in the 
frequency domain. Furthermore, if the wind turbine can be approximated as linear system, e.g. 
for operating points in the full-load operational region, control design and controller evaluation 
in the frequency domain can be done much more efficiently as compared to non-linear time 
domain simulations.  

Because the weightings for the different, potentially conflicting control objectives are not known 
a-priori, as main contribution of this work, it is demonstrated how the actual H∞/H2 based 
controller calculation can be embedded into a higher level parameter tuning process. The 
multivariable controller calculation methods are thus considered primarily as tools that fulfill the 
tasks of assuring stability of the closed loop and handling the couplings between the individual 
control loops. 

The complete control design scheme is shown in Figure 3. The actual controller tuning is done 
on a superimposed level, by modifying the weighting functions that are provided as inputs to 
the controller calculation module. One central idea is to define free parameters of the weighting 
functions in a way, which relates them directly to the main control objectives and restrictions of 
pitch control in the full-load operational region, as: 

 tight rotor speed control, 
 active reduction of tower bending / blade bending fatigue loads,  
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 robustness, 

 actuator limits / actuator utilization. 

The free weighting function parameters, thus, form a higher level parameterization of the 
control problem.  

The idea of using parametric weighting functions in the control design of wind turbines was 
previously proposed by Ozdemir [17]. However, the adjustment was left to a higher level 
optimization algorithm which minimized design criteria based on time domain simulations. In 
the present work, the adjustment of weighting function parameters should be based on linear 
models and disturbance spectra in the frequency domain. This approach can be expected to be 
much more efficient in terms of computational effort. Furthermore, the relation between 
weighting function parameters and the (non-linear) control design objectives can be made 
transparent to the control engineer. A physical understanding of the higher level control design 
parameters also allows choosing meaningful borders of the considered design space. The actual 
controller tuning, i.e. the exploration of the design space and the decision on a certain set of 
higher level control design parameters, will then normally be done manually. 

By the described approach, some of the problems for application of modern linear MIMO 
control design as mentioned in section 1.2 can be addressed: 

 It will be demonstrated how tuning of weighting functions for H∞-norm based control 
design can be done in a systematic way. 

 By carefully choosing the type and free parameters of the weighting functions, the 
higher level tuning approach can provide better transparency regarding the design space 
than traditional parameter tuning approaches for individual PID type control loops. 
Closed loop stability and coupling of individual control loops do not need to be 
considered in the controller tuning process. 

 It will be shown how (non-linear) design criteria as fatigue loading and maximum values 
can be integrated into linear control design in the frequency domain. 

 The use of fixed structure control design will be investigated, which allows for low order 
controllers that can be easily integrated into gain scheduling and output saturation 
schemes. 

In any case, the linear control design will remain only one step in the entire control design 
process. The resulting controllers, normally, will have to be verified by non-linear simulations at 
the end of this design process. It is shown in this work, however, that the predictions based on 
linear models can be quite good for operating points in the full-load operational region, where 
the turbine is approximated well by linear models. While some important aspects of wind 
turbine control, like the transition from partial-load to full-load operation, can only be 
investigated by non-linear simulations, the linear control design is considered as very useful tool 
for designing and optimizing the controller especially for the full-load operational region of a 
wind turbine. 

Exemplarily, the control design approach will be demonstrated for two different load reducing 
pitch controller functionalities: 

 Active damping of tower fore-aft oscillations, 

 Compensation of 1 per revolution (1p) periodic load components in the flapwise blade 
root bending moments by means of individual pitch. 

Since finding the trade-off between actuator load / duty and the achievable load reductions is 
crucial for successful application of load reducing control design, as additional contribution, the 
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thesis will describe methods for evaluating the pitch actuator duty based on non-linear 
simulations. Especially, the evaluation of fatigue loads for pitch gears and pitch bearings, that 
undergo frequent torque reversals and small cyclic movements, will be discussed. 
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Figure 3: Considered overall control design scheme 

 

1.3 Outline of this work 

In chapter 2, an overview of the basic concepts for load reducing controllers for wind turbines is 
given. The approaches are classified into (1) the damping of structural modes and (2) the 
compensation of external periodic disturbances, resulting mainly from unsymmetrical inflow 
conditions to the rotor. Beside the description of basic principles, particularly, references to 
published field testing results are given. 

Chapter 3 should provide some general insights into the rating and relative cost of wind turbine 
blades and tower, and how they can be affected by means of pitch control. Different strategies 
are presented, how load reducing control could influence the Levelized Cost of Energy (LCOE). 
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Finally, some rough estimations are given for the order of magnitude in LCOE reductions, that 
could be achieved for the different control strategies. 

In chapter 4 the design of load reducing pitch controllers for wind turbines, based on the 
minimization of system norms in the frequency domain, is described. After a general 
introduction of the control design approaches, the concepts of controller evaluation in the 
frequency domain are described in section 4.3. Further on, in section 4.4, the linear model 
approach with output disturbance CPSD matrix for controller evaluation is derived. As specific 
examples, two controller configurations are considered: In section 4.5, the design of a pitch 
controller for rotor speed limitation and active damping of tower oscillations assigned to the 1st 
fore-aft tower bending mode is investigated. This controller uses the Collective Pitch i.e. the 
pitch angles of all rotor blades are adjusted synchronously. In section 4.6 an Individual Pitch 
Controller (IPC) module for compensation of yaw and tilt moments acting on the rotor is 
considered. The main objective here is to reduce the fatigue and loading for the rotor blades 
due to the 1p components in flapwise blade bending moments. 

In chapter 5 it will be worked out, how the rating of the pitch system is influenced by load 
reducing control. As example, IPC 1p will be considered with different limitations on the 
individual pitch amplitude. A conventional pitch system with electrical motor and gearbox is 
assumed. First the components of the pitch torque seen by pitch motor and pitch gearbox will 
be discussed in detail. Afterwards the implications of IPC 1p for pitch motor rating, gearbox and 
bearing fatigue loading will be analyzed. 

Finally, in chapter 6, the main findings of this work are summarized and the conclusions are 
drawn. 
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2  Basic Concepts of Load Reducing Control for Wind Turbines 

In this chapter, an overview of the basic concepts for load reducing controllers for wind turbines 
is given. The approaches are classified into (1) the damping of structural modes and (2) the 
compensation of external periodic disturbances, resulting mainly from unsymmetrical inflow 
conditions to the rotor. Beside the description of basic principles, particularly, references to 
published field testing results are given. 

2.1 Active damping of structural modes 

2.1.1 Basic concepts and input / output signal configurations 

Active damping of structural eigen-modes of the wind turbine is possible if suitable 
measurements to detect the modes are available as input signals for the controller (observability) 
and if the modes can be influenced by the forces created by the available actuators 
(controllability).  

By means of active damping, fatigue loads for certain structural components of the wind turbine 
can be reduced significantly, thereby reducing cost or increasing the lifetime. Established 
approaches are: 

 active damping of the 1st fore-aft tower bending mode by means of pitch control, 
 active damping of the 1st and 2nd tower side-side bending modes by means of generator 

torque control, 

 active damping of the first drivetrain torsional mode by means of the generator torque. 

The active tower damping of tower fore-aft motions by means of pitch control will be 
considered in more detail in this work. The denotations are shown in Figure 4. As input signal, 
typically, the axial tower top acceleration aTx is used, which is readily available for supervision of 
tower oscillations in most modern wind turbines. The measured fore-aft tower top acceleration 
is fed back on the pitch angle reference signal using an appropriate filter, in this way creating a 
damping component in the rotor aerodynamic thrust force Fax,aero. Although there is large 
coupling between speed control and tower damping, it is state-of-the-art in industry to design 
separate control loops for each of the tasks. The controller structure for active tower damping 
typically consists of simple PID schemes or filters. In many cases, the speed controller is designed 
first and augmented with an additional control loop for active tower damping in the second step 
[21], [13]. The achievable load reductions depend on the excitation level, i.e. mainly on the 
turbulence acting on the rotor. In [13] and [14] a reduction in lifetime weighted fatigue damage 
equivalent load, related to the tower fore-aft bending moment, in the order of 8..10% was 
predicted. 

The main issues for SISO design of active tower damping control loops have been discussed in 
[21], [13], [22]. Especially, it is important to avoid amplification of oscillations related to the first 
collective blade bending mode, since this would lead to undesired increase in blade loads. Low 
and high frequencies should be removed from the measured tower acceleration signal to avoid 
sensor drift and noise issues. Furthermore, the 3p disturbances are normally suppressed by 
means of a notch filter to avoid excessive pitch system wear. It is, however, possible to actively 
damp oscillations created by 3p harmonic excitation by means of collective pitch control, as 
shown in [23]. 
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In a similar manner, lateral tower oscillations can be actively damped by means of the generator 
torque. In many cases, the lateral tower accelerations are fed back on the generator torque 
reference. A suitable control design is described for instance by Hooft et al. in [24]. Alternatively, 
the lateral tower motion can also be detected in the generator speed signal [25]. Since the 
bending moment around the rotor axis at tower top is used for active damping, the 
effectiveness of this control scheme depends significantly on the angular deflection at tower 
top. For this reason, active damping using generator torque maybe more effective for the 
second than for the first lateral tower bending mode.  

Active damping of lateral tower bending modes is also possible by means of individual pitch 
control [26–28]. The basic idea is that, by modifying the tangential forces of the individual rotor 
blades, a resulting in-plane force component acting on the hub can be created. The magnitude 
and direction of this force vector can be modified by changing the pitch offsets of the individual 
blades. If a horizontal force component is created, that is modulated in anti-phase with the 
lateral tower top velocity, an active damping effect can be created. The required pitch angle 
offsets for the individual blades contain periodic components of frequency ftower +/- f1p. This type 
of control is subject to a patent issued by RePower [28]. It has also been investigated by IWES 
[26] and Bosch [29]. 

2.1.2 Publications on field test / practical implementation 

While active damping of fore-aft tower oscillations by means of pitch control is considered to be 
an established approach in wind turbine control, see e.g. [6], [30], [31], only a few field testing 
results have been published. Stol et al [32] presented some results of testing active tower 
damping controllers on the 600 kW two-bladed CART experimental  turbine. Other results have 
been published by Mitsubishy Heavy Industries for a 2 MW prototype [33] and by Fraunhofer 
IWES for the Areva M5000 Wind Turbine [22]. Without presenting the details, Vestas has stated 
the application of active tower damping control for the V90 3 MW turbine [34]. 

a_Tx

M_YT

F_ax,aero

F_ax,aero
F_ax,aero

_Pitch

 

Figure 4: Tower bottom bending moment, aerodynamic forces and axial tower top acceleration considered for active 
tower damping fore-aft 
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In the frame of the European Project “UpWind” REpower has published some results on field 
testing of a lateral tower damping controller using individual pitch [27]. 

2.2 Handling of periodic disturbance components 

Besides the excitation of structural modes, for control of a wind turbine, the forced response to 
a number of periodic disturbances has to be considered. These periodic disturbances are mainly 
related to rotor revolution. Considering for example the rotor blades, the rotor frequency (1p) 
and higher harmonics (np) create fluctuating aerodynamic and gravitational load components 
that contribute significantly to the fatigue damage of the blade material [14]. These periodic 
aerodynamic load components are due to asymmetries in the rotor inflow and can, in principle, 
be counteracted with periodic pitch movements. In the fixed frame of reference, for speed 
control and tower oscillations, periodic disturbances with blade passing frequency (3p) play a 
role. If the rotor has a mass imbalance or a single blade pitch error, additional 1p load 
components will act on the tower. 

From literature, different approaches are known, to handle these periodic load components by 
means of control: 

 Periodic controllers can be designed that include periodic changes of system parameters 
as a model [35]. 

 The measurement signals can be transformed into a suitable coordinate system, where 
they appear as constant or slowly varying disturbances. This technique is often applied 
for Individual Pitch Control, where the periodic load signals measured at the rotor blades 
are transformed into the fixed frame of reference, see section 2.3. Main advantage of 
this kind of control is the fact, that controllers for constant and slowly varying 
disturbances, in general, are easier to design as compared to periodic controllers. A 
challenge, however, may be the proper implementation of actuator limits in the 
transformed coordinate system. 

 If quasi-stationary periodic disturbances should be handled, that are changing only 
slowly in amplitude, frequency and phase, also methods like Repetitive Control (RC) can 
be applied. Here periodic actuation signals are given on the system which are, based on 
information from previous cycles, adjusted until the disturbance signal is compensated or 
the actuator limits are reached, see e.g. [36], [37]. In the application for wind turbines, 
an issue for this kind of control is the change in rotor speed. It is also possible that the 
controller “lerns” the actuation signal based on load and actuation signals from a 
preceding blade, see [38]. 

2.3 Individual Pitch Control (IPC) 

2.3.1 Basic concepts and input / output signal configurations 

The basic idea of active blade load alleviation is to measure the blade loads or deformations and 
to actively adjust the aerodynamic forces by means of pitch control. For Individual Pitch Control 
(IPC) this is done individually for the three rotor blades. 

The main effect of pitch angle adjustments is on the aerodynamic lift forces acting on the blade, 
which in turn mainly affect the bending loads in out-of-plane or flapwise direction. At least for 
the outer blade sections, this is the critical bending direction, because thin airfoils have to be 
used for good aerodynamic efficiency. 

In most cases, IPC aims to reduce the fatigue loads for the rotor blades by compensating 
asymmetries over the three rotor blades. However, reductions in some extreme loads are 
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possible as well [14]. Common controller structures will be discussed in the following 
subsections. 

In the classical approaches of IPC, the controller action is based on load or strain measurements 
at certain points of the structure, typically for blade root flapwise bending moments or tower 
top yaw and tilt moments, see Figure 5. These load signals, however, show some phase delay 
with respect to the aerodynamic forces that are responsible for the loads to be compensated.  

Some increases in controller bandwidth can be gained, if the local aerodynamic forces or inflow 
conditions are measured directly and used as input to the controller. Larsen et al. [39] have 
carried out a simulation study on an Individual Pitch Controller that reacts to changes in the 
blade inflow conditions i.e. angle of attack and relative velocity. The authors showed that the 
fatigue loads for flapwise blade root bending and tower top yaw and tilt moment could be 
reduced significantly as compared to a basic IPC controller, based on load measurements. A 
detailed conceptual wind turbine design study for implementation of an so called Independent 
Pitch Controller based on Angle-of-Attack (AoA) information was carried out by Olsen et al in 
[40]. In the study, a baseline turbine could be equipped with larger rotor blades, resulting in 
considerable increase in energy yield. Local flow measurements, however, are difficult to 
implement and not state-of-the-art for wind turbines. 

2.3.2 IPC 1p - yaw and tilt moment compensation 

The most common idea for Individual Pitch Control is the so called Yaw and Tilt Moment 
Compensation. To the knowledge of the author, the basic idea was firstly published for wind 
turbines in a patent by the Lockheed Corporation [41]. After that, a large number of simulation 
studies has been published by several authors, demonstrating a considerable potential for 
fatigue load reductions of main structural wind turbine components [42], [43], [44]. Several 
wind turbine manufacturers are known to have tested derivatives of the basic algorithm, among 
them Vestas and GE [45]. However, only few results have been published, see section 2.3.5. An 
overview on the achievable reductions in both fatigue and extreme loads for the Areva M5000 
wind turbine has been given in [14]. 

The basic idea is to compensate the 1 per revolution (1p) frequency component in the out-of-
plane or flapwise blade root bending moments by means of 1p periodic individual pitch offsets. 
The 1p component in the out-of-plane blade loads arises if the rotor blades move through an 
unsymmetrical inflow wind field, which might be created due to one of the following effects: 

 wind shear, 
 yaw misalignment, 

 spatial turbulence. 

All of these effects, in steady state, will create 1p fluctuations in the axial aerodynamic forces 
that are seen by the 3 blades sequently with 120° phase delay, see Figure 5. These variations in 
aerodynamic forces will result in yaw and tilt moments acting on the rotor as well as 1p 
fluctuations in blade flapwise bending moments. As the 1p load fluctuations tend to be one of 
the major sources of blade fatigue [14], the task of the IPC controller is to compensate for the 
periodic changes in inflow conditions, seen by the individual blades, by adjusting the pitch 
angles appropriately. 

The compensation of 1p periodic components is normally done in the fixed frame of reference. 
For transformation of the measured blade root bending moments into the fixed frame, the so-
called Multiblade transformation is used, see e.g. [46]. For this transformation, all load signals 
related to individual rotor blades are divided into a collective (0) component, which is equal for 
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all rotor blades, and in a sine (s) and cosine (c) component depending on rotor angle. The 
transformation is given by: 
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Here,  is the rotor angle and i0 are the initial angles of the 3 rotor blades with i = 1,2,3. 

The advantage of the transformation is, that 1p periodic components in the blade root bending 
moments, with constant amplitude and 120° phase difference, are converted into constant 
components in Multiblade coordinates. These constant or slowly varying disturbance signals can 
then be easily regulated to zero by means of e.g. PI-controllers. A typical controller structure is 
shown in Figure 6. 

A further natural advantage of the Multiblade transformation is the decoupling of 
unsymmetrical and symmetrical (collective) blade bending loads. As stated above, the main 
fatigue loading for the blades normally is related to unsymmetrical inflow conditions, creating 
load fluctuations that are 120° out of phase for the three blades. On the other hand, there are 
periodic load components that are seen by all blades simultaneously. These load fluctuations are 
coupled with rotor speed, power capture and tower oscillations.  

M_Yaw
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Figure 5: Basic principle of Yaw and Tilt Moment Compensation 
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Figure 6: Typical implementation of Yaw and Tilt Moment Compensation 

 

Compensation is difficult because of the potential interaction with rotor speed control and 
tower oscillation. In the load signals transformed to the fixed frame of reference, the 
unsymmetrical components are separated and can be compensated practically without 
interaction with the collective pitch control loops. The decoupling was shown mathematically in 
[47]. 

IPC 1p can be applied to the out-of-plane or to the flapwise blade root bending moments. If 
out-of-plane moments in a hub-fixed frame of reference are used as input signals for the IPC 
controller, the unsymmetrical components in Multiblade coordinates can be directly interpreted 
as yaw and tilt moments acting on the hub that are mainly created by unsymmetrical inflow 
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conditions. Balancing the bending moments for the three blades by means of individual pitch 
offsets is then effectively the same as the compensation of yaw and tilt moments acting on the 
rotor. If flapwise bending moments are considered, defined in a blade frame of reference that 
rotates with pitch angle, the Multiblade transformed bending moments lose their interpretation 
as yaw and tilt moments. For larger pitch angles, the disturbance signals will include a 
component resulting from the 1p gravitational forces acting on the blades. IPC 1p will then act 
to compensate part of these gravitational forces by means of aerodynamic force fluctuations. 
For this reason, IPC 1p using flapwise bending moments, typically, will result in larger load 
reductions for the blade, but also in higher actuation effort as compared to a strict yaw and tilt 
moment compensation. 

Because the measured blade root bending moments, normally, contain higher harmonics of 1p, 
a proper filtering of the signals is required. Of special significance are the 2p and 4p 
components that transform to 3p disturbance signals in the yaw and tilt moments. Usually, a 
simple notch filter is applied to remove the 3p component in the Multiblade transformed 
bending moments. Without this filter, the Individual Pitch Controller tends to amplify the 3p 
component because this frequency is usually close to the desired bandwidth of the controller. 
Alternatively to the blade root bending moments, the yaw and tilt moments in the fixed frame 
of reference can be measured directly. 

Because the pitch actuators and pitch system structural dynamics will introduce some phase 
delay between controller output and aerodynamic force fluctuations, a phase correction term is 
normally required to avoid cross-coupling between the yaw and tilt moment axis. 

2.3.3 IPC 1p+2p / Higher Harmonics Control 

If the dynamics of the pitch actuator allow for, higher harmonics in the measured flapwise or 
out-of-plane blade root bending moments can be compensated as well by means of pitch 
control. The basic principle is known from the helicopter technology as Higher Harmonics 
Control (HHC). 

In [44], [48] the authors suggest the implementation of distinct control loops for 1p and higher 
harmonics. Each control loop applies a different coordinate transformation in order to achieve 
the compensation of the considered disturbance component. The principle is shown in Figure 7. 
Careful control design is required to deal with interactions between the individual control loops.  

Bossanyi [49] achieves the same effect of reducing the 2p-component in the blade loads and the 
3p component in the fixed frame of reference by adding a 3p feed-forward filter to the basic 
controller structure of IPC 1p. This filter basically isolates the 3p disturbance in the measured 
yaw and tilt moment signals. It also adjusts the phase in order to produce pitch angle outputs, 
that counteract the periodic disturbance. 

2.3.4 IPC in the rotating frame of reference 

A different concept is to control the blade loads for each blade individually, without 
transformation into the fixed frame of reference. The advantages of this concept are that no 
rotor angle measurement is required, and that – with some restrictions – 3 independent blade 
controllers can be applied that do not need information about the other blades. As 
disadvantage, the controller has to deal with periodic signals. A further disadvantage is that, 
from the signal of a single blade root bending moment, the blade controller cannot distinguish 
between symmetrical and unsymmetrical blade load fluctuations. As the symmetrical load 
fluctuations, in any case, have an interaction with the axial tower top motion and the rotor 
speed control loop, some form of decoupling must be included into the controller.  
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Figure 7: Controller scheme for IPC 1p+2p with parallel control loops 

 

In [50] this problem was dealt with, using a multivariable control approach based on a turbine 
model including information on the coupled blade and tower bending modes. The desired blade 
load reduction could be achieved by designing a controller that reacts on blade loads only in a 
narrow frequency band around 1p.  

Leithead et. al. [51] proposed three independent single blade load controllers that avoid 
coupling with the tower top motion by using the axial tower top acceleration as additional input 
signal. Negative interaction with the speed control loop is avoided, using a feed-forward term in 
the collective pitch angle reference that is given to each single blade controller. The pitch 
controller structure for 3 blades is shown in Figure 8.  
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Figure 8: Principle of the single blade load controller structure based on [51] 

 

In the diploma thesis by Niu [52], the approach by Leithead was compared with the IPC 1p 
approach based on the Multiblade transformation. It was concluded, that both controller 
structures can result in similar load reductions. However, the pitch activity for the Leithead 
approach tends to be much higher, because of the reaction to symmetrical disturbances. Niu 
suggests to filter out the symmetrical component of the blade root bending moments before 
giving it to the single blade controllers. After that, similar results in terms of both fatigue load 
reduction and actuation effort were achieved for both controller structures.  

The single blade approach, however, could be more appropriate for the purpose of extreme load 
reduction, since it reacts to both unsymmetrical and symmetrical blade load changes.  

A decentralized single blade controller for higher harmonics reduction was investigated by 
Bottasso et al. [53] and compared to a centralized approach as discussed in the previous section. 
Bottasso points out that each controller structure is particularly suitable to address a certain class 
of loads. 

2.3.5 Publications on field test / practical implementation 

In recent years, IPC based control algorithms have been considered or tested by many wind 
turbine manufacturers e.g. Vestas, Enercon [54], GE [45]. However, only few results have been 
published.  

GE has announced publically some results on IPC testing. In the frame of the Advanced Wind 
Turbine Program Next Generation Turbine Development Project [55], a number of load reducing 
control algorithms have been investigated in combination with aero-elastically tailored blades 
and other structural optimizations of the baseline turbine. Among others, an IPC algorithm 
(Asymmetric Load Control) was tested in the field on a 1.5 MW rated low wind speed prototype 
turbine, and was reported to achieve about 12% reduction in flapwise blade bending fatigue 
loads. In a later publication, Städler [45] reported that it was possible to upgrade the basic 
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2.5 MW turbine from 88 to 100 m rotor diameter, by use of active load mitigating control 
including Individual Pitch control. The main structural components (hub, nacelle, tower) could 
remain unaltered.  

An Individual Pitch Controller has been designed by Garrad Hassan tested on the CART 
experimental wind turbine owned by NREL in the frame of the UpWind Project [56]. 

Clipper has announced the implementation of Individual Blade Pitch Control on the C93 wind 
turbine which was designed for wind class IIA [57]. 

Fraunhofer IWES has carried out field testing of an Individual Pitch Controller on the Areva 
M5000 wind turbine [14]. In Figure 9, exemplarily, the reduction in the 1p component of the 
flapwise blade root bending moment is shown that was achieved in turbulent wind conditions 
around rated wind speed with a limitation of +/- 2° for the individual pitch offsets.  

 

 
Figure 9: Square root of PSD of blade root flapwise bending moments from IPC field testing on the Areva M5000 
wind turbine at turbulent wind conditions  [14]. Comparison of IPC active (red) and non active (blue). The IPC 
controller was switched on and off in regular intervals. Total measurement time 55 min for IPC active / non active 
each. 

2.4 Control design models and model validation 

As is commonly the case for model based control of complex systems, also for wind turbines it is 
a major challenge to create and validate suitable control design models. These models must 
describe the relevant structural and aerodynamic effects in the frequency range that is relevant 
for control. On the other hand, they should stay sufficiently transparent with a limited number 
of parameters to allow the control engineer the understanding of the physical effects and 
influence parameters. 
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The modeling requirements for collective pitch control design, specifically for the NREL 5 MW 
wind turbine, have been discussed in recent papers by Sønderby [58] and Merz [59]. For load 
reducing control, to the experience of the author, at least the following effects should be 
covered by the control design model: 

 1st  and 2nd tower bending mode in axial and lateral direction, 
 1st  blade bending modes in flapwise and edgewise direction, 
 1st  drivetrain torsional modes, 
 dynamic inflow, 
 dynamics of pitch and generator torque adjustments. 

Modeling of the structural dynamics of a wind turbine, due to the rotation of the flexible blades, 
will result in a system with periodic system matrices. If these models should be used directly for 
control design, approaches for time invariant, periodic systems have to be applied, see e.g. [35]. 

However, the periodic models in many cases can be approximated by linear time invariant (LTI) 
models, which allow the standard techniques of linear control design to be applied. An elegant 
approach is to apply the Multiblade-transformation [46], introduced before in equation (1), to all 
inputs and outputs of the periodic control design model that are related to individual rotor 
blades. Stol et. al have shown in [60] that Multiblade transformed models, in most cases, 
represent good approximations of the periodic systems. 

In this work, LTI models of a wind turbine are used that are based on a linearized, Multiblade-
transformed Multibody-approach for the structural dynamics, combined with quasi-stationary 
representation of the aerodynamics [61]. 

For the purpose of model validation, in many cases it is useful to determine the aero-servo-
elastic eigen-modes of the real wind turbine, i.e. the eigen-frequencies, damping parameters 
and mode-shapes of the system including the coupled effects of system aerodynamics, structural 
dynamics and control system. A useful toolbox for that is provided by the techniques 
summarized as Operational Modal Analysis (OMA). The specific advantage of these methods is 
that no information on the excitation signal, i.e. the wind, is required. Modal parameters, in 
principle, can thus directly be gained from the operational data of the wind turbine. The 
methods have been shown to provide good results in practical application [62], [61]. Some 
methods, that have been successfully applied, in combination, for modal analysis of wind 
turbines, are the Crystal Clear Stochastic Subspace Identification (CC-SSI), see [63], [64], and the 
Frequency-Spatial Domain Decomposition (FSDD) [65]. 

If, additionally to modal parameters, also input and output matrices should be estimated, system 
identification techniques must be used. Here, suitable test signals are given to the actuators of 
the wind turbine, i.e. pitch angles and generator torque. Necessary conditions for successful 
system identification are that the plant is sufficiently excited in the relevant frequency range and 
that disturbance signals are uncorrelated with the test signals. Besides the limitations of the 
actuators and the periodic disturbances present during operation, it must be considered that 
identification of wind turbines is only possible for closed speed control loop. In [37] and [66] 
special identification methods for closed loop operation have been discussed. Kanev et al [67] 
have shown, however, that good results for closed loop operation can also be gained with the 
Direct Prediction-Error Method which is actually intended for open loop identification. In [67] the 
authors report on successful application and comparison of different identification methods on a 
real wind turbine. Van der Veen et al [68] investigated the effect of periodic disturbance signals 
on the identification of linear models of wind turbines. They showed that improvements can be 
gained if known information on the actual rotor frequency is used as additional input signal for 
the identification. 
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3  Survey on Cost and Rating of Wind Turbine Tower and Blades 

This chapter should provide some general insights into the rating and relative cost of wind 
turbine blades and tower, and how they can be affected by means of pitch control. Different 
strategies are presented, how load reducing control could influence the Levelized Cost of Energy 
(LCOE). Finally, some rough estimations are given for the order of magnitude in LCOE 
reductions, that could be achieved for the different control strategies. 

3.1 Cost share of wind turbine tower and blades 

3.1.1 Turbine system costs 

For active load reduction by means of control, the question arises which components of the 
wind turbine should be subject to the load reduction and what efforts can be justified for 
advanced control. 

If the design of a new wind turbine type is considered, it makes sense to look at the 
components having a large share in the overall turbine cost. In Table 2, relative cost estimations 
for blades, tower and pitch system for different turbine sizes, derived from literature, are given. 
It can be seen, that the cost share values vary significantly for the different turbines. In the right 
side of Figure 10, for a typical wind turbine with 1.9 MW rated power, the cost share diagram 
according to [69] is shown. The percentage values refer to the turbine costs without foundation 
and grid connection.  

For active load reduction by means of pitch control, the rotor blades and the tower are 
interesting components, because they contribute significantly to the wind turbine overall costs. 
Furthermore the loads can be directly influenced by variations in aerodynamic forces which, in 
turn, can be influenced by means of pitch control. This is not true for the drive train components 
because, for variable speed wind turbines, the gearbox torque is widely decoupled from the 
aerodynamic torque acting on the rotor.  

The pitch system itself has a considerably smaller cost share. It is clear, however, that any 
increase in cost for the pitch system, that can be expected for load reducing pitch control 
strategies, at least must be amortized in terms of cost reductions for other components. 

 

Table 2: Overview of relative cost share for wind turbine blades, tower and pitch system 

Blades Tower Pitch System Rated Power Based on Data from 

15% 14% 3.7% 1.5 MW [70] 2002-2005 

14% 18% 5.5% 1.9 MW [69] 2013 

25% 30% 3.0 % 2.0 MW [71] 2009 

12% 15% 3.1% 3 MW [70] 2002-2005 

22% 26% 2.7% 5 MW [72] 2007, 2012, 2013 

13% 23% 3.3% 10 MW [6] 2014 
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Figure 10:  Components of LCOE (left) and Turbine Costs (right) for a 2013 onshore reference wind turbine with 1.9 
MW rated power, data based on [69] 

 

3.1.2 Levelized Cost of Energy (LCOE) 

For the operator of a wind turbine, if a fixed remuneration of the electrical energy is assumed, 
the Levelized Cost of Energy (LCOE) is the important economic parameter rather than the initial 
capital costs for the turbine. The LCOE is defined as the total sum of costs over the lifetime of 
the plant, divided by the total amount of electrical energy produced over the lifetime [69]. 

Assuming a constant discount rate or weighted averaged cost of capital d, for a wind turbine 
this can be written as: 
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Here Capex includes all the capital expenditures and can be divided into turbine costs, balance 
of system costs including foundation and electrical infrastructure costs, and financial costs. Opex 
are the annual cost required for operation and maintenance of the wind turbine. n is the 
expected operational lifetime of the wind turbine in years and AEP is the annual energy 
production. How the different cost types contribute to Capex and Opex is shown in Figure 10, 
left side, based on the data given in [69] for a typical onshore wind turbine. 

If Opex and AEP are assumed to be constant over the operational life time, the LCOE can be 
rewritten in the form [69]: 
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where FCR is a fixed charge rate. The fixed charge rate is the annual amount per dollar of initial 
capital cost needed to cover the capital cost, a return on debt and equity, and various other 
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fixed charges. If tax effects are neglected for simplicity, the FCR can be written in agreement 
with (2): 

 

 
     

 

∑
 

(   ) 
 
   

 (4) 

 
    

 (   ) 

(   )   
 

(5) 

 

Note that the operational lifetime and the total energy production is now accounted for in FCR.  

If the energy price is fixed, a reduction in LCOE will directly increase the profit. For a typical 
surplus, the percental return on capital will increase in the same order of magnitude as the 
percental reduction in LCOE. 

Based on equation (3), there are 4 general strategies for reducing the LCOE of a given wind 
turbine design: 

 Decrease the Capex of the turbine by reducing the cost of components or required 
infrastructure. 

 Increase the annual energy production AEP e.g. by increasing the rotor diameter. 

 Increase the operational life time, resulting in a reduction of FCR. 
 Decrease the Opex by reducing costs for operation & maintenance. 

The different strategies will be discussed in more detail in section 3.6. 

3.2 General aspects of structural component rating 

3.2.1 Extreme loads 

Extreme loads are maximum load values that must be expected to occur at least once during the 
entire lifetime of the wind turbine. For the design process, the extreme loads for every structural 
component of the wind turbine must be estimated. This estimation, however, may not be trivial, 
because extreme events in general will not occur for sure but with a certain probability. 

In the certification guidelines for wind turbines, different extreme operational conditions are 
specified that must be considered in wind turbine component rating [73], [12]: 

 idling at extreme wind speed, 

 extreme wind gusts and wind direction changes during turbine operation, 
 extreme wind shear conditions, 

 extreme yaw misalignment, 
 system faults during operation e.g. pitch system faults, yaw system faults or grid faults. 

The considered probability of extreme wind conditions is specified by the recurrence period, for 
instance 50 years for extreme wind speed and 1 year for extreme gust events. 

Furthermore, extrapolation techniques are specified that allow to estimate extreme loads from 
measured or simulated load time series, considering the wind speed – turbulence distributions 
for certain wind turbine locations. This extrapolation results in safety factors that must be 
applied to the maximum values of simulated or measured load time series. 



 
3  Survey on Cost and Rating of Wind Turbine Tower and Blades 

 

 

26   M.Shan  Load Reducing Control for Wind Turbines 

 

 

3.2.2 Fatigue loads 

Fatigue of structural components is related to time varying loads, i.e. to load cycles. Cyclic 
loading, in many cases, is caused by rotation or structural oscillations. A main influence factor on 
the fatigue loads for wind turbine components is the turbulence intensity acting on the rotor. 

Almost all materials commonly used for the structural components of a wind turbine have a 
fatigue limit, which means that the component will fail after a number of load cycles with 
amplitudes smaller than the extreme load capability. Fatigue damage in many cases can be 
explained with the propagation of cracks in the component. Cracks are initiated by small 
material defects that are distributed stochastically within the material volume. In every load 
cycle, the crack length is increased by a small amount, depending on the amplitude of the load 
cycle and other factors e.g. the mean value of the load. The component eventually fails if one 
crack achieves a critical length that leads to fracture. 

The concept of fatigue damage means that the life time of all structural components, that 
undergo cyclic loading during the operation of the wind turbine, is limited. For this reason, the 
number and amplitude of load cycles for each structural component of a wind turbine must be 
estimated during the design process. This estimation is normally done based on a number of 
nonlinear time domain simulations for typical operational conditions. The total number of stress 
cycles for the entire turbine operational life is obtained by extrapolating the results from each 
individual simulation run, according to the assumed time share of the considered operating 
condition. 

For proving the fatigue life of a certain component, the external load time series from 
simulations or measurements are combined with a component model in order to calculate the 
internal stresses. A stress hypothesis is required to convert the multi-axial-stresses into one-
dimensional stress time histories. The stress cycles are counted by amplitude and mean value, for 
all considered components of the turbine. A well-established method for stress cycle counting is 
the so called Rainflow Counting algorithm [74]. The main concepts of fatigue analysis for wind 
turbines are given e.g. in [75]. 

The fatigue load capability of a certain material or component is often given in form of so called 
S-N curves, which give the maximum number of stress cycles N depending on the peak-to-peak 
value - the so called range - of the stress cycle S. Because fatigue damage is a stochastic 
phenomenon, every S-N-curve is assigned with a certain probability, stating the probability of 
component survival when achieving the maximum number of load cycles N. Typically, S-N-curves 
are specified for a probability of survival of 50%. As normally a higher survival probability is 
required for the design of mechanical components, the N values must be reduced using an 
appropriate factor < 1 , see for instance [73]. 

Since, normally, stress cycles with different ranges occur, they must be combined into one single 
fatigue damage value. An approach that is commonly used, mainly because of simplicity, is the 
Palmgren-Miner-Rule, defining the total fatigue damage as: 
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where ni(Si) is the number of stress cycles of range Si and Ni(Si) is the maximum admissible 
number of stress cycles of range Si which can be determined from the S-N-curve. The 
distribution of stress cycles ni(Si) will be referred to as Load Spectrum in the following. Fatigue 
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related failure can be expected not to occur with the probability of the S-N-curve as long as 
D < 1. It is important to note that, if the fatigue load spectrum is constant over time, fatigue 
damage is inversely proportional to the lifetime of a certain component. For example, if the 
fatigue damage is reduced by 50% by means of control, the component lifetime will double. 

The S-N-curve for a given component or material in many practical cases can be approximated 
by an equation of the form: 

  

  ( )       

 

(7) 

where m is the material specific Wöhler-exponent and k is a factor depending on material and 
component properties. In this case the damage can be written as: 
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A number of Wöhler exponents m for different materials is given in Table 3. 

For many materials, the mean value of stress cycles has relevant influence on the maximum 
number of stress cycles N. As the S-N-curves are typically given for zero mean value, in this case, 
the range S of all counted stress cycles must be corrected according to their mean values. One 
possible approach for mean stress correction, that is often used in practice, is the so called 
Goodman diagram [75]. 

For controller evaluation, it is often possible to assume a linear relation between the fatigue 
relevant internal component stress and a global component load, e.g. a global bending 
moment. In this case, the concept of fatigue damage estimation can be directly applied to the 
load time series. Furthermore it is possible to summarize the load spectra ni(Si) by a single 
number. This can be done by defining so called Damage Equivalent Loads (DEL) if D can be 
approximated according to equation (8). A DEL belongs to a given reference number of cycles 
Nref and can be calculated according to: 
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SDEL effectively is the load range that results in the same fatigue damage as the considered load 
spectrum for the given reference number of cycles Nref. The main advantage is that DELs can be 
easily compared, for instance to evaluate different controller versions. Another advantage is that 
they are often related to structural parameters. For example the required wall thickness of the 
tower shell in order to withstand fatigue due to a given bending moment load spectrum is 
directly proportional to the DEL of that load spectrum. 

Again, the whole process of fatigue damage estimation is connected to many uncertainties 
regarding the actual loads on the turbine, quality distributions of the materials and components 
etc. These uncertainties are normally handled by means of safety factors. 
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3.2.3 Design driving loads 

The design of a certain structural component of a wind turbine can be driven by either extreme 
or fatigue loads or by other requirements as for instance stiffness. The principle - somewhat 
simplified - is illustrated in Figure 11 and Figure 12. In both figures, the extreme design load (red 
cross), as well as the fatigue design load spectrum (blue horizontal bars) are drawn. The extreme 
design load is assumed to occur only once, N=1, and is therefore located on the S-axis. A 
component S-N-curve of the form (7) is assumed. If the load cycles are plotted on a logarithmic 
scale, the S-N-curve takes the form of a straight line with slope 1/m. For given Wöhler-exponent 
m, the fatigue loads can be combined into a Damage Equivalent Load (DEL) according to 
equation (9), which is denoted by a red arrow in Figure 11 and Figure 12. 

In order to fulfil the design specifications, the component S-N-curve must lie above both the 
design extreme load and the design damage equivalent load. If the material of the component, 
i.e. the slope of the S-N-curve is fixed, the intersection point with the S-axis is related to the 
compont rating e.g. the wall thickness of a beam. The optimum component rating (e.g. 
minimum wall thickness) is determined by either the extreme design load or the design DEL. In 
Figure 11 the situation is shown for a component driven by the fatigue loading, whereas in 
Figure 12 the component rating is determined by the extreme design load. 

 

Table 3: Wöhler Exponents for different materials [73] 

Material Wöhler exponent m 

Steel 4 

Cast Iron 7 

GFRP Laminate 10 

CFRP Laminate 14 
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Figure 11: Component S-N-curve for rating driven by fatigue design load 

 

 

Figure 12: Component S-N-curve for rating driven by extreme design load 
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3.3 Design wind conditions for wind turbines 

For type approval, the certification institutions define different wind classes that are 
characterized by different extreme wind speeds (50 years gust) and different turbulence intensity 
distributions over the mean wind speed range. In Table 4, the wind turbine classes as defined in 
the Certification Guidelines of Germanischer Lloyd (GL) [73] are presented. The type classes 
defined in the IEC 61400 [12] standard are basically equal. 

 

Table 4: Wind turbine classes for certification as defined by Germanischer Lloyd / IEC 61400 

Wind turbine class   I II III S 

          [m/s] 50 42.5 37.5 

 

Values to be 

specified by 

the 

manufacturer 

             [m/s] 10 8.5 7.5 

A I15   0.18 0.18 0.18 

    2 2 2 

B 
                  

I15   0.16 0.16 0.16 

    3 3 3 

 

The parameters I15 and a describe the distribution of turbulence over mean wind speed Vhub 
according to the following relation: 

       (           ) (   ) (10) 

Here 1 is the standard deviation of wind speed in axial direction. For wind classes with category 
A thus higher turbulence is specified for a given mean wind speed Vhub as compared to category 
B. The parameter Vref describes the extreme wind speed situation the turbine must survive. This 
is formulated as extreme 10 min mean wind speed with 50 years recurrence period V50: 

         (      )
     (11) 

The maximum magnitude of a possible gust, that must be added to this value, is determined in 

the guideline based on this value and the value of the standard deviation 1 [73]. 

3.4 Rating of rotor blades 

3.4.1 Characteristic loads and design criteria  

Rotor blades of MW size wind turbines are very large structures. They have to carry loads from 
aerodynamic as well as gravitational forces. The forces are distributed along the blade span and 
result in large bending moments at the blade root that have to be transferred to the hub. In 
normal operation, the bending moments in flapwise direction are mainly caused by aerodynamic 
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forces. In contradiction, the bending moments in edgewise direction are dominated by 
gravitational forces, that are 1p periodic due to the rotor revolution.  

Figure 13 shows typical time series for the flapwise and edgewise blade root bending moments. 
It can be seen that, in flapwise direction, the bending moment has a high mean value and 
contains significant stochastic components due to turbulence. A 1p periodic component and 
higher harmonics are present, caused by wind shear, yaw misalignment and spatial turbulence. 
In edgewise direction the bending moment is much more deterministic. Here the mean value is 
normally small as compared to the amplitude. 

 

Figure 13: Typical time series for flapwise (blue) and edgewise (magenta) blade root bending moments; Source: 
Dalhoff et al [76] 

 

The load carrying structure of a rotor blade is often realized as a beam-like structure, which is 
extended by thin-walled panels to form the aerodynamic profile. A typical cross section with 
load carrying girders is shown in Figure 14. Because of the importance of gravitational forces, 
the specific strength (strength per mass) and specific stiffness (stiffness per mass) of the blade 
structure must be high. For this reason, Fibre Reinforced Plastics (FRP) are commonly chosen as 
main material for the blade structure. As shown in Figure 14, different types of laminates are 
used to carry the different load components acting on the blade. The bending design load and 
stiffness requirements in flapwise and edgewise direction will mainly influence the amount of 
material required for the girders. Girders for typical blades consist of uni-directional (UD) glass or 
carbon fibre laminate. 

For rotor blade structural design the following design criteria are relevant: 

1. Ultimate Strength: The blade must survive extreme load conditions. These extreme loads 
usually are assigned to extreme wind conditions defined in the certification guidelines, 
see [73], [12]. 

2. Stiffness: The blade tip must have sufficient distance from the tower in all operating 
conditions. 

3. Blade Buckling: Because rotor blades are thin-walled structures, they can fail by buckling 
under compressive loading. However, buckling resistance in many cases can be improved 
by use of balsa or foam cores between 2 laminate layers of FRP material without large 
cost or weight penalties. 

4. Fatigue: Fatigue will occur due to cyclic loading of the rotor blade. If it is assumed that 
flapwise and edgewise bending loads are carried by different parts of the structure, in 
edgewise direction, the fatigue loads are mainly caused by gravitational forces and are 
therefore determined by the blade weight. In flapwise direction, the cyclic blade loading 
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is caused by turbulence and unsymmetrical inflow conditions of the rotor (wind shear, 
yaw misalignment, tower shadow). For larger pitch angles, gravitational forces are also 
present in this bending direction. 

It should be noted that there can be considerable interactions between the individual design 
criteria of the blades and also with those of other structural components. Some of the couplings 
are described in [77]. For example, a reduction in flapwise extreme load, that leads to material 
savings, will also influence fatigue loads in edgewise direction due to reduced gravitational 
forces. 

 

trailing edge spline: UD laminate, edgewise bending

girders: UD laminate, flapwise & edgewise bending

shear webs: +/- 45° laminate, flapwise shear forces & torsion

airfoil skin: multi-axial laminate, edgwise shear forces& torsion

balsa or foam core: panel buckling

flapwise 

bending

axis

edgewise 

bending

axis

 

Figure 14: Cross section of a typical rotor blade 

 

3.4.2 Main parameters influencing the design 

3.4.2.1 Design wind conditions 

The structural design of the rotor blades will depend on the wind conditions that are assumed 
for design of the wind turbine. 

In [78] an extensive investigation on blade design optimization and constraints for an 1.5 MW 
rotor blade is presented. It is stated that, for IEC-class I, the rotor blade structural design is likely 
to be driven by extreme loads. This is because the extreme blade bending loads are strongly 
related to the extreme wind speed. For IEC-class II blades, fatigue is likely to become relevant for 
design. This will especially hold, if high turbulence values are specified (IEC / GL class IIA). 

3.4.2.2 Blade material 

Traditionally, glass fibre reinforced plastics (GFRP) are used as load carrying material in wind 
turbine blades. 

For GFRP based blades, fatigue can be an important design driver. However, stiffness is often 
another issue - especially for large GFRP blades - in order to achieve the required tip clearance 
[79]. By stiffness specifications, the dimensions of the blade structure might be driven into 
regions where fatigue is not critical anymore. As rotor diameter has increased, tower clearance 



 
3  Survey on Cost and Rating of Wind Turbine Tower and Blades 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   33  

 

has become the dominant design driver for sizing the blade laminate in many cases. A 
commonly used measure to circumvent stiffness constraints is to use blade geometries that are 
pre-bend against the direction of aerodynamic thrust forces. 

Many wind turbine manufacturers have introduced blade designs implementing carbon fibres 
(CFRP) for parts of the load carrying structure [80]. Carbon-fibre based laminates commonly 
show higher fatigue resistance than glass fibre based laminates. For this reason, fatigue is 
commonly not a major design driver for rotor blades with CFRP based support structure. The 
dimensions of the load carrying CFRP laminate are typically determined by extreme load 
specifications. However, the issue with carbon fibres is the high price. For this reason, most 
manufacturers use carbon fibres only in parts of the total blade structure and some trend can be 
observed in wind turbine industries back to pure GFRP designs. 

In general, the fatigue behavior of FRP materials is characterized by large values for the Wöhler 
exponents m as compared to other materials, see Table 3. 

High values of m mean, that fatigue damage is dominated by load cycles with high amplitude, 
that occur comparably seldom during turbine life (low cycle fatigue), rather than by load cycles 
during normal operation. However, in simulations and measurements of turbulent wind 
conditions there is statistical uncertainty about the occurrence of extreme events [75]. As a 
consequence, it may be wise to activate the load reducing controller selectively, for situations 
with large load cycles, in order to achieve a good trade-off between control effort and fatigue 
load reduction. 

For a given blade section shape, the material thickness required for fatigue resistance is 
proportional to the specified damage equivalent load. High values of m imply that there is large 
effect of changes in the cross section of the blade structure (girder thickness) on fatigue 
resistance / component life time. Thus, small amounts of additional material will increase fatigue 
life considerably. For example, assuming m = 14, a thickness increase of 5% will double the 
fatigue life. This has 2 implications:  

 Improved fatigue life may be cheaper to achieve by material reinforcement than by 
control. 

 The amount of material, that can be saved by means of control, might be small. 

For FRP materials, furthermore, the mean value of load cycles has a strong influence on fatigue 
damage [6]. Thus, load cycles at high mean values contribute considerably more to the overall 
fatigue damage than load cycles with the same amplitude at lower mean values. As result, the 
main fatigue damage related to flapwise bending is usually created around rated speed, where 
the mean value of the bending moment is large. 

3.4.3 Design driving operating conditions 

Only few meaningful dimensioning calculations for rotor blades can be found in public 
literature. By Veers et al. [79], some general statements are given: The extreme load cases for 
rotor blades are normally the 50 years extreme wind case (Extreme Wind Model, EWM), where 
the rotor is idling, or the Extreme Operating Gust (EOG). The designs of the earlier, smaller 
rotors were dominated by the 50 years extreme wind extreme load case. As rotor size increased, 
the extreme operating gust became the extreme load case design driver. 

A literature study was carried out regarding the design driving load cases for rotor blades. The 
results are summarized in Table 5. It should be noted that the main part of the public results 
refers either to the turbine concepts based on the WindPACT-Study [81] or the NREL reference 
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turbine [82]. For larger rotor diameters, some different sources have been found. The table lists 
the following candidate extreme design load cases according to IEC 61400-1 [12]: 

 EOG: coherent extreme gust during operation, 
 ETM: extreme turbulence during operation, 
 ECD: extreme coherent gust with direction change during operation, 

 EWM: extreme wind speed for parked or idling turbine. 

In Table 5, the investigated load types and the location of loading are assigned to the relevant 
load cases. Equal load types are shown by equal colors. For the blades, maximum bending 
moments (MFlap Max) and maximum strain (Strain Max) as well as maximum tip deflection 
(Tip Defl. Max) have been distinguished. The considered radial position is given in % of the rotor 
radius R. In the last column, it is stated whether fatigue loads have been considered in the study 
and if they were found to be relevant for design. 

From the table it can be stated that, for different turbines and different wind classes, different 
load cases can be driving the rotor blade design. In many cases, the design driving load 
condition results from extreme wind conditions with parked or idling wind turbine rotor, i.e. 
from situations where the control system is not active. Fatigue damage for the spar cap was 
reported to be design driving for the class IIA WindPACT designs, for rotor radii up to 50 m and 
radial locations around half the blade length. Note that fatigue of the trailing edge spline was 
not considered in Table 5. For the 5 MW WindPACT design with 64 m radius, the EWM extreme 
load case becomes dimensioning for the entire blade. This is consistent to the other design 
studies, summarized in Table 5, where fatigue loading has been included. 

A detailed blade design study for Multi-MW-Blades, for low wind speed locations with high 
turbulence (IEC class IIA), was published by Griffin in [83]. In the study, the design margins for 
extreme and fatigue loads for a 3MW Blade with 47 m length are stated. A baseline glass-fibre 
design and an optimized glass/carbon fibre design are compared. For the baseline glass-fibre 
design, at blade root, the extreme loads and the fatigue in edgewise direction are the relevant 
design driving loads. For the outer blade sections, at radii larger than 50% rotor diameter, 
flapwise bending fatigue becomes design relevant. This is not true for the hybrid blade design 
with carbon fibre spar caps at the outer blade sections. Here the design is driven exclusively 
extreme load specifications. 
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Table 5: Design-driving load cases for rotor blades, based on a literature study; Abbreviations: Strain Max Total -  total 
maximum bending strain; Strain Max Operation – maximum bending strain in power production;  MFlap Max – total 
maximum flapwise bending moment; MFlap Max Operation – maximum flapwise bending moment in power 
production; TipDefl. Max – Maximum tip deflection; TipDefl. Max Operation – Maximum tip deflection in power 
production. The considered radial position along the blade span is given in % of rotor radius R. 

Rotor 
Radius  
[m] 

Rated 
Power 
[MW] 

Wind-
Class 

Name 
/ Ref. 

EOG ETM ECD EWM Fatigue 

25 0,75  IIA Wind-
Pact  
[81] 

   Strain Max 
Total (@Root) 

Strain Max 
Total (@50%R) 

35 1.5 IIA Wind-
Pact 
[81] 

   Strain Max 
Total (@Root) 

Strain Max 
Total (@50%R) 

45 2.5 IIA Wind-
Pact 
[84] 

  MFlap Max 
Total 
(@0..50%R)  

 N/A 

      TipDefl. Max   

50 3 IIA Wind-
Pact  

[81] 

   Strain Max 
Total (@Root) 

Strain Max 
Total           
(@50%R) 

61,5 5 IB NREL  

5MW 
[85] 

  MFlap Max 
Total (@Root) 

 N/A 

61,5 5 IB NREL 
5MW 
[86] 

N/A  Strain Max 
Operation    
(@15%R) 

Strain Max 
Total  
(@15%R) 

 

      TipDefl. Max   

61,5 5 IIB NREL 
5MW 
[87] 

MFlap Max 
Operation 
(@Root) 

 TipDefl. Max MFlap Max 
Total (@Root) 

N/A 

64 5 IIA Wind-
Pact 

   Strain Max 
Total (@Root) 

 

   [81]    Strain Max 
Total (@50%R) 

 

82 7.5 IA IWT  
[88]  

 MFlap Max 
Total (@Root) 

  N/A 

     TipDefl. Max    

89 10 IA Inn-
Wind  

 MFlap Max 
Total (@Root) 

  N/A 

   [89]  TipDefl. Max    

100 13.2  IB Sandia 
[90] 

  MFlap Max 
Operation 
(@0..20% R) 

MFlap Max 
Total 
(@0..20% R) 

 

      TipDefl. Max 
Operation 

TipDefl. Max  
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3.5 Rating of the tower 

3.5.1 Loads and structural design 

The tower, in general, is the largest and heaviest component of the a wind turbine. Towers, in 
most cases, are constructed as tubular steel structures. These are typically divided into a number 
of sections that are connected by bolted flanges. 

For the design of towers, three criteria are important: 

 Extreme tower bending loads: In many cases, the 50 years gust will create the maximum 
bending moment at tower bottom. 

 Dynamic behaviour: To avoid resonances, excitation frequencies due to rotation / blade 
passing effects must have sufficient distance from the tower bending eigen-frequencies. 
Today, most of the turbines are following the so called soft-stiff concept. That means, at 
rated speed, the 1p excitation frequency lies below the 1st tower bending eigen-
frequency while the 3p excitation lies above. This gives a narrow window for the 
required total stiffness of tower and foundation. 

 Fatigue loads: Tower oscillations are persistently present during turbine operation and 
standstill. Tower fatigue is normally dominated by bending in fore-aft direction, excited 
mainly by the fluctuating thrust force on the rotor and the blade passing effects. The 
tower must stand the cyclic loading during the wind turbine design life, which is typically 
20 years. 

All of the three criteria can be dimensioning, which makes the design process in many cases a 
highly iterative procedure.  

Tower eigen-frequency is also related to the dynamics of the collective pitch controller, since the 
bandwidth of the speed control loop using pitch, in principle, cannot be larger than the first 
tower eigen-frequency [13]. That means, if towers become too soft, control dynamics will 
decrease, increasing the risk of over-speed events in turbulent winds. 

3.5.2 Design driving operating conditions 

According to the Wind Energy Handbook [6], the tower design may be governed by either 
fatigue loading during operation or by extreme loads, that often occur during turbine shutdown 
in extreme gust conditions. According to [91], [92], fatigue is normally critical for the design of 
the foot region of tubular steel towers, where high bending moment fluctuations occur. These 
bending moment fluctuations mainly result from thrust force variations and related tower top 
oscillations. At tower top, buckling may be the governing criterion for dimensioning the tower 
shell rather than fatigue, as reported in [91].  

Most of the fatigue damage for the tower bottom will normally accumulate in the upper partial-
load region and around rated wind speed, where high fluctuations in aerodynamic rotor thrust 
force occur. Regarding the tower top bending moments, the fatigue damage is normally 
distributed over the full-load operating range of the turbine. 

The results from an own literature study on design driving load cases for the tower bottom are 
summarized in Table 6. According to this table, as design driving extreme load cases for tower 
bottom bending, EOG and ETM may occur. In all of the cases, however, fatigue loads have not 
been taken into consideration. In the WindPACT rotor design study [81], fatigue loads have 
been identified as design driver for the tower bottom for all investigated turbine sizes. However, 



 
3  Survey on Cost and Rating of Wind Turbine Tower and Blades 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   37  

 

in some cases, the margin to extreme loads is quite small. In another study on low wind speed 
turbines, fatigue has also been reported to be the design driver for tubular steel towers [93]. 

 

Table 6: Design-driving load cases for tower bottom, based on a literature study; MYT Max – maximum fore-aft 
bending moment specified at tower bottom. 

Rotor 
Diameter  
[m] 

Tower 
Height 
[m] 

Rated 
Power 
[MW] 

Wind-
Class 

Name 
/ Ref. 

EOG ETM ECD EWM Fatigue 

25 60 0,75  IIA Wind-
Pact  
[81] 

    MYT Max 

(@Tower-
Bottom) 

35 84 1.5 IIA Wind-
Pact  

[81] 

    MYT Max 

(@Tower-
Bottom) 

45 78 2.5 IIA Wind-
Pact  

[84] 

   MYT Max  

(@Tower-
Bottom) 

N/A 

50 119 3 IIA Wind-
Pact  

[81] 

    MYT Max 

(@Tower-
Bottom) 

61,5 90 5 IB NREL 
5 MW 
[85] 

 MYT Max 

(@Tower-
Bottom) 

  N/A 

64 154 5 IIA Wind-
Pact  

[81] 

    MYT Max 

(@Tower-
Bottom) 

82 120 7.5 IA IWT  
[88] 

MYT Max 

(@Tower-
Bottom) 

   N/A 

89 119 10 IA Inn-
Wind 
[89] 

 MYT Max 

(@Tower-
Bottom) 

  N/A 
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3.6 Potential effect of load reducing control on LCOE 

3.6.1 Published design studies 

Information on cost and rating of components is typically considered as confidential by the wind 
turbine manufacturers. For this reason only a few publications on the effect of load reducing 
controllers on the component costs and the LCOE are available in public. Again, practically all of 
these studies refer to the WindPACT design studies e.g. [81] or the related NREL Wind Turbine 
Design Cost and Scaling Model [70]. 

The parameter optimization of a conventional PI speed controller with respect to component 
costs of a wind turbine is described by Tibaldi [94]. It is shown that, even for a conventional PI 
controller, the adjustment of parameters can have significant influence on the cost of tower, 
blades and pitch system in the order of a few percents. 

The approach of reducing the LCOE by decreased component costs has been discussed 
extensively the frame of the WindPACT rotor design study [81]. For the different wind turbine 
components, the costs per kWh energy production have been estimated in this study. Based on 
that, a large number of approaches for reducing the LCOE was discussed, among them methods 
for active and passive load reduction. The authors of [81] came to the general conclusion, that 
LCOE  reductions are possible by means of load reducing control. These reductions, however, 
are small, because there are considerable costs that are affected only slightly or not at all by load 
variations. For fatigue load reduction at tower bottom, by means of active tower damping 
control, the related cost reduction was estimated to be in the order of 12 % for the 1.5 MW IEC 
class IIA design. This was reported to result in an estimated reduction in LCOE of slightly more 
than 1%. 

A study by Griffin and McCoy has estimated the potential effect of aerodynamic control on the 
LCOE of a 2.5 MW rated low wind speed turbine [84]. The authors computed the achievable 
reduction in LCOE by means of Individual Pitch Control to be in the range of 1%. The approach 
was to keep the rotor diameter and the AEP constant and to reduce the costs of the wind 
turbine components. Unfortunately, for the basic IPC case, the details of component cost 
reductions have not been published. The largest effect on turbine capital costs and LCOE was 
reported to result from load reductions on rotor blades and tower. Load reductions for 
mainframe and hub contributed considerably whereas the effect of load reductions on the main 
shaft was low.  

A larger reduction in LCOE for a 1.5 MW rated low wind speed turbine has been calculated by 
Olsen et al in [40]. A reduction of more than 6% in LCOE was achieved by using an Advanced 
Independent Pitch Controller based on Angle of Attack (AoA) information. In contradiction to 
the study mentioned above, the approach here was to use the load reductions provided by the 
controller for increasing the rotor diameter and AEP while maintaining load level and capital 
costs of the turbine. In the study the rotor diameter of the turbine could be increased by 10%. 

In a concept study carried out by GE [55], for a 750 kW rated low wind speed turbine, a LCOE 
reduction of 2% was estimated as benefit of advanced control strategies including IPC. Again, 
the approach was to increase the rotor diameter while maintaining the loads by means of 
control. 

For completeness, the comparison with passive load reduction should also be considered. An 
estimation for mass and cost savings has been published in the WindPACT Rotor Design Study 
[81]. By re-designing the rotor blades of the baseline 1.5 MW turbine with passive bend-twist 
coupling, the authors achieved a 15-20% fatigue load reduction for blade root bending 
moment and a 10% rotor cost reduction. This resulted in a reduction in LCOE in the order of 
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2.2%. However, the influence of fibres with angular offset from radial direction on composite 
mass / cost has been neglected in this initial estimation. 

3.6.2 Simple cost model estimations 

In this section, some simple estimations for the effect of load reducing control strategies on the 
LCOE are presented. The motivation is mainly to provide an impression of the order of 
magnitude of the different influence factors. 

The LCOE was considered in the form of equation (3). Based on the numbers given in [69] for a 
land based reference wind turbine, it was assumed that the wind turbine system costs 
contribute with 54% to the total lifetime costs while the total Capex accounts with 77% and 
Opex with 23%, compare Figure 10. 

If FCR, turbine costs and Annual Energy Production AEP are considered to be variables, the 
relative change in LCOE can be expressed as: 

 

 
      

    

       
 
    (                  )           

   
 

 

(12)
 

The factor FCR considers a change in FCR and includes changes in operational life time of the 
wind turbine according to equation (5). A nominal operational lifetime of 20 years and a 
discount factor d = 0.08 are assumed, resulting in a reference FCR: 

 

              

 

(13) 

The changes in annual energy production are here assumed to be proportional to changes in 

rotor swept area given by the factor R2. 

The changes in turbine costs are broken down to the tower, blades and pitch system according 
to the cost share of the considered components: 

 

                                                       

 

(14) 

Based on these relations, four scenarios are considered that are summarized in Table 7 and will 
be discussed in the following. As common starting point, it is assumed that by active tower 
damping, the fatigue damage related to the bending moment MYT at tower foot can be reduced 
in the order of 35%. This value was estimated based on a full-load calculation for a 5MW rated 
wind turbine for wind class IA [14]. 
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Table 7: Different scenarios for estimating the influence of active tower damping control strategies on the LCOE 

Influence Factor  

   

Reduced 
Tower Cost 

 
 

Increased 
Lifetime 

 
 

Larger 
Rotor 

 
 

Larger 
Rotor + 

IPC 

 
Operational Life Time 

 

   

 
1.00 

 

 
1.54 

 

 
1.00 

 

 
1.00 

Rotor Swept Area       1.00 

 

1.00 

 

1.11 

 

1.11 

Fixed Charge Rate  
 

      1.00 

 

0.87 

 

1.00 

 

1.00 

 
O&M Costs  

  

      

 
1.00 

 

 
1.00 

 

 
1.00 

 

 
1.00 

Tower Costs           0.90 

 

1.00 

 

1.00 

 

1.00 

Blade Costs           1.00 

 

1.00 

 

1.18 

 

1.00 

Pitch System Costs 
 

        1.50 

 

1.50 

 

1.50 

 

2.00 

     

 

    

 

 

Turbine Costs            1.01 

 

1.03 

 

1.06 

 

1.06 

LCOE         1.01 

 

0.91 

 

0.93 

 

0.93 

     

 

    

 

 

 
LCOE Reduction % 

 

 
-0.8 

 

 
8.9 

 

 
7.2 

 

 
7.3 

 

3.6.2.1 Reduced tower costs 

In the first scenario, it was assumed that the tower mass can be reduced by a factor that is given 
by the reduction of the fatigue damage equivalent load, related to the tower bottom fore-aft 
bending moment. Since the tower can be assumed to be a thin-walled hollow cylinder, for the 
cross-section at tower foot, the relation between damage equivalent stress and damage 
equivalent bending moment is given by: 

 

 
     

 

   
 
       
 

 
(15) 

 

With D the tower diameter, t the wall thickness and MYT,DEL the equivalent load related to the 
tower bottom bending moment MYT. 

The damage equivalent stress can thus be maintained, if the wall thickness t is reduced inversely 
proportional to the reduction in MYT,DEL. For the tower bottom, the reduction in damage 
equivalent bending moment is: 

 

                    (      )
    

 

(16) 

The Wöhler exponent was assumed as m = 4 according to Table 3. A damage reduction of 35% 
thus results in a reduction of 10% in damage equivalent bending moment. The assumption of 
10% mass reduction for the tower, still, is optimistic, because it assumes that this reduction in 
DEL can be achieved for all tower sections, and that fatigue due to bending is the design driver 
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for the entire tower. Clearly this will not be the case, although most of the tower mass is 
concentrated at tower bottom. 

Since, for active tower damping, the pitch system would have to be active over the entire 
operating time of the wind turbine, a re-inforcement is required. Here, a moderate cost increase 
of 50% is assumed. As pitch system costs, depending on individual component rating, are 
difficult to get for publication purposes, this number is somewhat arbitrary. However, to the 
opinion of the author, it is realistic enough to compare the different scenarios with each other. 

In Table 7 it can be seen, that this moderate cost increase is enough to compensate the 
optimistic value for tower cost reduction. The estimated overall reduction in LCOE for this 
scenario is negative. 

3.6.2.2 Increased lifetime 

In the second scenario, for comparison, it is assumed that the reduction in fatigue damage is 
used to increase the operational lifetime of the wind turbine. This would be possible, if the 
tower is the only component with lifetime limitation due to fatigue damage. Since fatigue 
damage is linear in the number of load cycles, the possible increase in operational lifetime can 
then be expected to be inversely proportional to the reduction in fatigue damage: 

 

 
   

 

    
 
    

 
 

 

(17) 

with T the operational lifetime of the wind turbine. The modified lifetime has to be included in 
calculation of the FCR according to equation (5). 

For the example, a 35% reduction in fatigue damage at tower bottom would lead to a 54% 
increase in lifetime, resulting in a reduction of 13% in the fixed charge rate FCR. The increase in 
pitch system costs is assumed to be the same as for the first scenario. With these assumptions, a 
considerable reduction in LCOE can be expected according to Table 7. Again the assumptions 
are optimistic because it is unlikely that all components of the baseline turbine design, except 
the tower, will allow for an increase in lifetime in the order of 50% without additional costs. 

3.6.2.3 Larger rotor 

The reduction in fatigue damage could also be used to increase the rotor diameter, thereby 
increasing the AEP. It was assumed here that the fatigue relevant fluctuations in the tower 
bending moment, for given wind conditions, are proportional to the rotor swept area. By 
applying active tower damping for maintaining the DEL, the rotor swept area could thus be 
increased by the same amount that the damage equivalent load is reduced for the reference 
rotor. Thus: 

 

            

 

(18) 

This would result in an increase of AEP by the same factor. Since blade loads are not influenced 
by the considered control, the blade costs would increase due to the larger rotor. In accordance 
with [70], the blade cost increase was assumed to approximately scale with the power of 3 of 
the rotor diameter, thus: 
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         (   )
    (19) 

 

For the given example these considerations lead to an increase of 11% in rotor diameter and 
18% in blade costs. If the increase in pitch system costs is assumed to be the same as for the 
scenarios discussed before, also the estimated LCOE reduction is in the same order of magnitude 
as for the increase in operational lifetime. 

3.6.2.4 Larger rotor + IPC 

For the last scenario the assumption is made, that by means of Individual Pitch Control the blade 
cost can be maintained. This would, however, result in higher pitch system costs. In the example 
an increase of pitch system costs from 150 to 200% compensates the effect of the decrease in 
blade costs. 

3.6.3 Conclusions 

As a general conclusion, the application of load reducing control systems will only be effective, if 
it is carefully optimized, considering the effects on the pitch actuation system. Useful methods 
for optimizing the control design are discussed in chapter 4. The effect of load reducing control 
algorithms on the pitch system is discussed in detail in chapter 5. 

For completeness it should be mentioned, that cost benefits related to load reducing controls 
can also arise from other effects. Sometimes a re-design, based on an existing wind turbine 
type, or the development of a model range of turbines, sharing common structural components, 
is considered. In this cases, extensive costs for turbine development and manufacturing can be 
saved, if existing components of the baseline turbine can be re-used. This is especially true for 
components that require expensive manufacturing tools, which cannot be modified easily. 
Examples are moulds for rotor blades or for cast iron components. 
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4  Load Reducing Control Design for Wind Turbines based on 
Multi-Variable Methods in the Frequency Domain 

In this chapter the design of load reducing pitch controllers for wind turbines, based on the 
minimization of system norms in the frequency domain, is described. After a general 
introduction of the control design approaches, the concepts of controller evaluation in the 
frequency domain are described in section 4.3. Further on, in section 4.4, the linear model 
approach with output disturbance CPSD matrix for controller evaluation is derived. As specific 
examples, two controller configurations are considered: In section 4.5, the design of a pitch 
controller for rotor speed limitation and active damping of tower oscillations assigned to the 1st 
fore-aft tower bending mode is investigated. This controller uses the Collective Pitch i.e. the 
pitch angles of all rotor blades are adjusted synchronously. In section 4.6 an Individual Pitch 
Controller (IPC) module for compensation of yaw and tilt moments acting on the rotor is 
considered. The main objective here is to reduce the fatigue and loading for the rotor blades 
due to the 1p components in flapwise blade bending moments. 

4.1 Introduction 

As pointed out in chapter 1, the main task of wind turbine control is to keep all operational 
quantities within their admissible limits, if the turbine is subject to a turbulent wind field. 
Especially fatigue loads are heavily influenced by the control design. The fatigue damage values 
for all affected structural components have to be kept below the admissible levels, accumulated 
over the lifetime of the wind turbine. 

Information on the wind field is typically only available in a statistical sense as probability density 
distribution of wind speed fluctuations [6]. This distribution can be expressed in the frequency 
domain in terms of turbulence spectra. Some deterministic gust models are defined in standards 
in the sense of worst-case-scenarios [12], however, these time domain patterns never occur in 
reality. For that reason it makes sense to design the wind turbine controller based on the 
information available in the frequency domain. Furthermore, if the design is based on linear 
models, highly efficient control design and optimization workflows can be implemented. 

One of the main challenges for control design is to translate the original control objectives, like 
fatigue loads and limitations on extreme values, into frequency domain specifications. For 
modern multivariable control design approaches, the specification of control objectives is 
typically done in terms of weighting functions, which are used to shape the system norm or 
transfer functions over frequency [19].  

While some authors propose “black-box” numerical optimization of weighting function 
parameters, see e.g. Ozdemir [17], in this work the dependency between weighting function 
parameters and the original control objectives should be made transparent. For this purpose, 
tower and blade bending fatigue as well as maximum speed deviations must be related to the 
frequency domain properties of the wind turbine, i.e. the shape of the closed-loop transfer 
functions. 

The results and conclusions presented in this chapter have been derived for the well-known 
5 MW NREL reference wind turbine [82]. However, similar results have been observed also for 
models of different multi-MW wind turbines. 
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4.2 Norm-minimization based control design 

Control design approaches, that guarantee closed-loop stability while minimizing the H2 or H∞ 
system norm of the plant, have become increasingly popular for multivariable control design in 
the last decades. The interpretation of these system norms, as used in this work, should be 
shortly summarized here. Details can be found e.g. in [19]. 

The H∞ norm of a scalar valued transfer function is defined as the maximum value of the 
magnitude of the transfer function over all frequencies. For MIMO plants, this is generalized to 

the maximum of the largest singular value  ̅ of the transfer function matrix N() over the entire 
frequency range: 

 ‖ ( )‖     
 
 ̅( ( )) (20) 

 

The maximum singular value is an induced norm of the vector magnitude. It can be interpreted 
as maximum gain of the plant over all possible directions of the input vector: 

  

  ̅( )      
  | |  

|  | (21) 

 

The H∞ system norm, thus, can be interpreted as worst case gain of a transfer function matrix 
over all directions and over all frequencies of the input vector.  

The application of control design methods that are putting an upper bound on the H∞ norm of 
a transfer function matrix,  

 ‖ ( )‖     (22) 

 

thus, is a straightforward way to suppress peaks i.e. to increase the damping of distinctive 
modes. The use of scalar, frequency dependent weights in this criterion, multiplied to the 
outputs of the system, provides high flexibility for shaping the weighting functions: 

 

 ‖ ( ) ( )‖    ⇔  ̅( ( ))  
 

| ( )|
     (23) 

 

The useful characteristics of the H∞ system norm for the purpose of control design result from 
the properties of the maximum singular value of matrices. As induced matrix norm, it has the 
multiplicative property: 

  ̅(  )    ̅( )  ̅( )  (24) 

 

for arbitrary matrices A, B. Several H∞-norm criteria can be stacked into a single matrix criterion, 
as for M = [A B] or M = [A B]T it holds: 

 

    [ ̅( )  ̅( )]    ̅( )  √      [ ̅( )   ̅( )]  (25) 
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For block diagonal matrices the relation becomes: 

 

   ̅ ([
  
  

])      [ ̅( )   ̅( )] (26) 

 

As special advantage of the H∞-norm, robustness requirements regarding unstructured model 

uncertainty can be conveniently included into the H∞-norm minimization criterion [19]. It is 

sometimes a practical issue, however, to select proper weighting functions that consider 

conflicting control objectives in various frequency ranges. 

The H2 norm of a system with transfer function matrix N(), on the other hand, is defined as: 

 

 
‖ ( )‖  √

 

  
∫      [ ( ) ( ) ]  
 

  

 

 

(27) 

If the input of the system is assumed to be white noise, by minimizing the H2 norm, the power 
or rms-value of the resulting output signals can be minimized. The well-known Linear Quadratic 
Gaussian (LQG) optimal control design problem, in fact, can be written as a special case of H2 
norm minimization, where the output signal is a weighted combination of state variables and 
input signals [19]. 

While the H∞-norm basically addresses the worst case amplification of a system, as discussed 
above, the H2 criterion tends to introduce a trade-off over all input directions and the entire 
frequency range. This can be seen from an alternative formulation of (27) in terms of singular 
values of N : 

 ‖ ( )‖  √
 

  
∫ ∑  ( ( ))

 

  
 

  

 (28) 

  

All singular values, i.e. the gains for all input directions, are summed up and integrated over all 
frequencies. As for the H∞-norm, frequency dependent weighting functions can be used to 
adjust the significance of the norm minimization criterion in different frequency ranges. The H2 
norm, however, is not an induced norm and does not guarantee the multiplicative property.  

4.3 Evaluation of controller performance in the frequency domain 

As described in [14], fatigue due to cyclic components in load signals can be estimated directly 
based on the power spectral density (PSD) of the considered load signals. As will be shown in 
the following, also the maximum value of a stochastic signal, occurring with a certain 
probability, can be estimated based on the PSD information. The evaluation of typical control 
objectives for a wind turbine, with regard to the general disturbance rejection problem stated in 
chapter 1, can thus conveniently be carried out in the frequency domain on the basis of PSDs.  

As long as the assumption holds that the turbine behaves as a linear system, these PSDs can be 
calculated directly from the transfer functions and the assumed disturbance spectra without any 
time domain simulations. This is typically true for operating points in the full-load operational 
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range of a wind turbine. Thus, control design and optimization can be done in a 
computationally very efficient way.  

For large deviations from the operating point, however, the wind turbine behavior cannot be 
approximated by a linear model. In particular for the transition between full-load and partial-
load operational region the linear system assumption will be violated. Still, the controller 
evaluation based on PSD, with restrictions, can provide good results and is a useful tool, since 
PSD are easy to obtain from simulation and measurement data. 

4.3.1 Spectral moments and characteristic frequencies 

In the following, the assumption is made that the output signals of the wind turbine can be 
approximated by a stationary Gauss process with zero mean. 

A Gauss process is completely characterized by its mean and autocorrelation function, see e.g. 
[95]. For stationarity, this autocorrelation function must be constant over time. In the strict 
sense, the computation of the PSD as Fourier transform of the autocorrelation function would 
require an infinite duration time series of the signal. The autocorrelation function must be 
absolutely integrable, which implies that the signal has zero mean and does not include 
harmonic components. In practice, however, the PSD can be estimated well for time series with 
finite duration. The time series should be long enough to cover the interesting frequency ranges 
and short enough to fulfill the assumption of stationarity, and may also include finite harmonic 
components. See e.g. Wirsching et al [96] for a comprehensive discussion of the practical 
aspects of PSD estimation. 

If stationarity is given, the output signals of the wind turbine will be Gauss distributed  

 if the disturbance, i.e. the turbulent wind field, is Gaussian itself, and  

 if the wind turbine including controller can be described as linear system.  

It is well known that the distribution of turbulent wind speed fluctuations is not exactly 
Gaussian. However, for the purpose of load estimations, the approximation is usually applied 
and does not lead to large errors [97], [98]. For small deviations in the full-load operating range, 
typically, the turbine behavior can be approximated well by a linear system. For a non-linear 
simulation of the wind turbine with Gaussian wind around a full-load operating point, 
exemplarily, it is shown in Figure 15 that important operational signals are Gauss distributed. 

The assumption of zero mean value is not very restrictive since, for linearization near a given 
operational point, the mean value of the system input values is usually zero by definition. In this 
case, the same will be true for the mean values of all output signals. If this is not the case, the 
mean values of the output signals still can be calculated from the transfer function. For a system 
with transfer function G between input x and output y: 

 

 ( )   ( ) ( ) 

  [ ( )]   ( ) [ ( )] (29) 

 

For a stationary Gauss process with zero mean, a number of important statistical properties can 
be derived based on the Spectral Moments of the power spectral density Syy, which are defined 
by: 
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     ∫  
    ( )

 

 

                (30) 

 

In the following, the spectral moments up to order 4 will be considered. The spectral moments 
  ,   , and    have the interpretation of the variance of the process and the variance of the 
first and second derivative respectively [99]: 

 

     
       

 ̇      
 ̈ (31) 

 

By evaluating the spectral moments, it is possible to get statistical statements for level-crossing 
events and extrema of the considered process, see e.g. [99]. The mean frequency for crossing a 
given level   with positive slope (upcrossing) is given by: 

 

  [  
 ]   √

  
  
 ( 

     ) (32) 

 

For the mean frequency of zero upcrossings this becomes: 

 

  [  
 ]   √

  
  

 (33) 

 

On the other hand, the mean frequency of maxima can be written as: 

 

  [  
 ]   √

  
  

 (34) 

 

The bandwidth of a stochastic process can be characterized by the so called irregularity factor: 

 

   
 [  
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√    
 (35) 

 

For a narrow-band process, where the frequency of peaks is approximately equal to the 

frequency of zero upcrossings,  goes towards 1. For a wide-band process, the frequency of 
peaks is much higher than the frequency of zero upcrossings, thus  goes towards 0. 
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As a practical aspect, for estimating the higher order spectral moments from a measured or 
simulated PSD, some low pass filtering might be required. Especially the value of    is very 
sensitive to noise in the PSD estimate at higher frequencies. In order to get useful values for   , 
in this work, a formulation according to Glazman [100] was used: 

 

  ̃   ∫  
 ( )

 

 

     ( )   (36) 

with the filtering function 
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 (37) 

 

The parameter Tf was adjusted based on the evaluation of a number of time domain signals, by 
comparing the counted frequencies of maxima and zero crossings with those derived from the 
PSDs. The following value was found to provide good results: 
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  (38) 

4.3.2 Extreme value estimation (Rice) 

For a stationary Gauss process with zero mean, the distribution of maxima can be determined 
based on the PSD. This distribution can then be used to estimate the maximum value of the 
stochastic signal, which will occur with a given probability.  

The probability densitiy function for the distribution of maxima was originally derived by Rice 
[101]. It has been revisited by Bierbooms and Peeringa in [102] in the context of extreme loads 
on a wind turbine due to extreme gust events.  

A convenient formulation, having the irregularity factor  as only parameter, can be written as 
[99]: 
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with the scaled amplitude 
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Here, the error function is defined as: 
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For a narrow-band process, in the limit case for  going towards one, this distribution becomes a 
Rayleigh distribution depending only on the variance   . In the opposite limit case, for  going 
towards zero, a Gauss distribution results.  

The maximum value  ̂, that will not be exceeded with a given probaility  ̂, can then be 
determined by considering the cumulative distribution function: 

 

  ( ̂)  ∫  ( )  
 ̂

  

  ̂ (41) 

 

For chosing the value of the probability, it might be usefult to consider a certain recurrence time. 
The expected maximum amplitude  ̂  , which will occur for a given recurrence time   , can 
then be found from the expression: 

  ( ̂  )    
 

   [  
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 (42) 

 

In Figure 15 the Rice estimation of the maximum value, determined for a recurrence time of     
    , is compared with the actual maximum value for different operational signals of the wind 
turbine. 

4.3.3 Fatigue damage estimation (Dirlik) 

For estimating the fatigue damage, in accordance with section 3.2.2, the distribution of stress 
cycles over load range needs to be determined. Again, the assumption of a stationary Gauss 
process with zero mean is made. The assumption of zero mean is not critical if the effect of 
stress cycle mean values can be neglected in the fatigue damage estimation, compare section 
3.2.2. Approaches for the correction of stress PSD according to mean stress exist, e.g. [103], but 
have not been considered in this work. 

Considering a total duration T of the stationary process, the incremental number of cycles dn 
with stress range S is given by: 

 

   ( )       ( )    (43) 

 

Where p(S)dS is the probability that a stress cycle has a range between S and S+dS. fc is the 
mean frequency of stress cycles. In accordance with the Palmgren-Miner rule (6), the 
incremental damage dD at stress range S can be written as: 

 

   ( )  
  ( )

 ( )
 (44) 

 

where N(S) is the limit cycle number for stress range S. Assuming again a Wöhler curve with 
exponent m according to equation (7): 
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The incremental fatigue damage becomes 
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Integrating over all stress ranges S gives the total fatigue damage: 

 

   
   
 
 ∫     ( )  

 

 

 (48) 

 

A popular empirical method to describe the probability density of stress cycles was developed by 
Dirlik [104] and will be used in this work. According to [104] , firstly, it is assumed that the mean 
frequency of fatigue relevant stress cycles is equal to the mean frequency of maxima: 
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Secondly, a relative mean frequency xm is defined: 
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 (50) 

 

The probability density for a stress cycle to have the range S is then assumed to be 
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Where Z is the normalized stress range:  

     
 

  √   
 (52) 

 

and the interdependent parameters D1, D2, D3, Q, and R, are all functions of the spectral 
moments: 
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The Dirlik method was shown to provide good results in many cases [105], and was successfully 
used for the load analysis of wind turbines [6], [106]. In Figure 15 it is shown that good results 
for the Damage Equivalent Load can be gained for tower bottom fore-aft and blade root 
flapwise bending moments. 

A certain drawback of the Dirlik method, however, is the fact that it was derived empirically 
without theoretical background, by analyzing a large number of broad banded signals in both 
the time and frequency domain. An alternative spectral approach with more theoretical 
motivation was developed by Benasciutti and Tovo [107] and has been reported to provide good 
agreement with time domain fatigue calculations for the application to wind turbines in a recent 
work by Tibaldi et al. [108]. 
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Figure 15:  Evaluation of PSD based estimations for different operational signals of the NREL 5MW wind turbine, 
derived from nonlinear simulation at 18 m/s mean wind speed 

Left column: Rice estimation of maximum value with 5 x 600 s recurrence time (black dashed lines) vs. actual 
maximum value (red circle) 

Middle column: distribution of signal (blue) vs. Gauss distribution (red line) 

Right column: normalized Damage Equivalent Load (DEL) for specified Wöhler exponent m; comparison of Dirlik 
estimation (red) vs. Rainflow counting (blue) 
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4.4 Linear models for controller evaluation 

4.4.1 Models with 1-point wind input 

As stated in chapter 1, classically, for collective pitch control design, a single-input, multiple-
output problem is investigated. For control design the wind disturbance is often regarded as 
1-point time series or frequency spectrum of rotor effective wind speed [13]. The structure of 
the control problem can then be drawn as shown in Figure 16, where the number of 3 system 
output signals could be replaced by any arbitrary number n. 
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Figure 16:  Wind turbine control problem described as single-input-multi-output scheme 

For a single wind speed input v, the relation between the PSD    
  of any output signal yi and 

the PSD of the wind speed input     is given by the well-known relation: 
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Where Ni() is the closed loop transfer function from the wind speed to the ith output of the 
system. The advantage of this control design scheme is that the 1-point wind spectrum in many 
cases is given, for a specified location, or can be measured. Furthermore, if two controllers K0 
and K1 should be compared, based on equation (54) and assuming the same wind disturbance 
PSD, the change in the output PSDs can be estimated according to: 

 

 
   
  ( )  

|  
 (    )|

 

|  
 (    )|

    
  ( )       (55) 



 
4  Load Reducing Control Design for Wind Turbines based on Multi-Variable Methods in the Frequency Domain 

 

 

54   M.Shan  Load Reducing Control for Wind Turbines 

 

 

While this method is appropriate for basic control design considerations in many cases, see e.g. 
Leithead et al [13], errors occur in the evaluation of the controller effect on fatigue loading of 
tower and blades. The estimation of output signal PSDs is inaccurate due to the omission of 
unsymmetrical effects like spatial turbulence and 3p harmonic excitation.  

These effects have significant influence on the fatigue loads of a wind turbine as the wind has 
always a spatial distribution, which results in np periodic components in the aerodynamic forces 
acting on the rotor blades. Also misalignment of wind with respect to the rotor axis and cross-
coupling with gravitational loads will result in harmonic components in the blade and tower 

loads, that cannot be represented with a linear model H(). 

The assumption of a homogenous wind field and symmetrical aerodynamic forces, inherently 
included in equation (55), will thus result in inaccurate load estimations. Effectively, the load 
components will be wrongly associated with non-existing components of a homogeneous wind 
field.  

4.4.2 Including the load components caused by harmonic excitation 

We now assume that the effects of the wind field on one hand, and the effects of pitch angle 
adjustments on the other hand, on the measured signals can be separated. In this case the wind 

turbine model can be divided in a part D() describing influence of wind variations on the 
measured signals and a part G() describing the effect of the controller on the same measured 
signals as illustrated in Figure 17.  
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Figure 17: Structure of the control problem, assuming the separation of wind field and pitch effects on measured 
signals is possible. 

This is possible if the wind turbine can be approximated as linear system, even if the disturbance 
is not directly acting on the outputs of the system from the physical point of view. Thanks to the 
so called “superposition principle”, for a linear model the disturbance can always be shifted to 
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the output, where G() and D() may include some identical dynamics in the general case. 
Thus, if the linear model representation is a good approximation of reality, for a given 
operational situation of the wind turbine, we can assume the output disturbances di as invariant 
with regard to any modification of the controller. For controller evaluation, we can therefore 
restrict ourselves to a system description as shown in Figure 18.  
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Figure 18: MIMO setup for controller evaluation based on a given output disturbance CPSD matrix 

 

The output cross power spectral density (CPSD) matrix    can then be written as: 
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(56) 

or, in matrix form: 

   ( )   (  )  ( )  ( )  

 
(57) 

where    is the output disturbance CPSD matrix, including auto-spectra and cross-spectra of the 
output disturbance signals di.   , again, can be considered as invariant to controller variations. 
This in fact is a MIMO generalization of equation (54). 

The advantages of this approach are obvious: 

 It is possible to include any disturbance components, e.g. the n*p harmonic excitations, 
into the linear model approach without the need for a model of the physical process 
creating these disturbances. 
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 Instead, the output disturbance CPSD matrix can be gained from measurements or a 
more detailed nonlinear simulation. As the output disturbances are assumed to be 
constant, this is necessary only once for each considered operating point as starting 
point for a controller optimization. 

A certain drawback is that, for a MIMO setup, auto-spectra are not sufficient anymore. In the 
general case, there exist cross correlations between the output signals of the system. Thus, the 
full CPSD matrix considering also the cross spectral components between the different 
measurements signals must be used. It is not a problem, however, to determine this CPSD 
matrix, if suitable measurements or nonlinear simulation results for the considered wind turbine 
and wind situation are available, as starting point for the control design. 

If open loop operation of the turbine is feasible, as is the case for the IPC controller discussed in 
section 4.6, the reference disturbance spectra can be gained directly from measurements. 
Otherwise they can be reconstructed. If the reference controller K0 is known, the output 
disturbance d can always be calculated directly from the measured outputs y0 : 

 

                                          ( )  (   ( )  ( ))  ( )     (58) 

 

Note that no model inversion is required for that. For a modified controller K1 and a given 
output vector y0, the influence on the outputs can be directly calculated from:  

 

                                        ( )  (   ( )  ( ))
  
(   ( )  ( ))  ( )   (59) 

 

4.5 Control design for active tower damping 

In this section, several approaches are presented to design a collective pitch controller that 
provides both rotor speed control and active damping of axial tower oscillations. Part of the 
work presented in this section have been published before in [109]. 

As explained before in chapter 2.1, speed control and axial tower motion are highly coupled as 
changes in pitch angle always influence both the aerodynamic thrust and the aerodynamic 
torque acting on the rotor. Thus, control design effectively becomes a multivariable problem and 
modern multivariable control design approaches should provide advantages as they can readily 
account for these couplings.  

The approach taken in this work is to apply a pragmatic multivariable control design where 
modern control design methods are combined with a higher level controller tuning scheme 
according to Figure 3. Different methods for the controller optimization level have been 
investigated and compared to each other: 

 Classical H∞ control design based on Linear Matrix Inequalities (LMI) algorithms, 
 Fixed Structure H∞ control design based on non-smooth optimization, 

 Mixed H2/H∞ control design. 

For all cases the functions readily provided in the Robust Control Toolbox of Matlab have been 
applied [110]. 
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4.5.1 Control design objectives and evaluation criteria 

The assumed control objective for the combined rotor speed and tower damping controller can 
be written as: 

 
For a given disturbance spectrum, 

 minimize the fatigue damage related to the fore-aft tower base bending moment  
 while keeping the rotor speed deviations below a defined threshold 
 and keeping pitch speed below a given limit 

 

The related performance and robustness values, that will be evaluated based on linear models of 
the wind turbine, are given in Table 8. 

For the Rice estimation, in this work, the value of 2 times the amplitude corresponding to 95% 
in the cumulated probability distribution was used. This was found to be a conservative 
estimation for the maximum rotor speed deviation from mean value in a 600 s time series. 

4.5.2 Control design model and disturbance spectra 

Multivariable control design is based on a linear model with 1-point wind speed input as shown 
in Figure 21. A linearized model based on [61] was used and parameterized for the NREL 5 MW 
reference wind turbine. Exemplarily, only one representative operating point at 18 m/s mean 
wind speed is investigated here for control design. As we consider only full-load operation, the 
generator torque was assumed to be constant and pitch speed reference was used as single 
control input of the turbine model. Model outputs are tower top acceleration aT, generator 
speed gen , which are used as controller input signals, as well as tower bottom fore-aft bending 
moment MYT, that is used for performance evaluation related to tower bending fatigue loads. 

In order to reduce complexity and calculation time for the control design and optimization 
process, the linear control design model was derived from a 40th order reference wind turbine 
model by model reduction using Modal Condensation. For full-order and structured H∞-design, 
an 14th-order wind turbine model was finally found to be sufficient, which describes the relevant 
system dynamics including: 

 1st  tower bending modes fore-aft and side-side,  

 1st  and 2nd flapwise collective blade bending mode, 
 1st drivetrain mode coupled with edgewise collective blade bending, 

If the model was further reduced, the interaction between tower and blade bending modes was 
found to be not properly described any more. The comparison between full order and reduced 
model is shown in Figure 19 in terms of Bode magnitude and phase plots. 

As pitch actuator model, a first order transfer function from reference pitch speed to pitch speed 
is used, followed by an integrator to get the pitch angle:  
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For the time constant Tpitch, a typical value of 0.1 s was assumed here. A controller with pitch 
speed reference output is thus designed. Since the pitch speed limitation is typically dominant in 
the dynamic behavior of a pitch actuator, a control design considering the limits on the pitch 
speed was assumed to be more realistic than one relying on a linear transfer function from pitch 
angle reference to actual pitch angle. 

For evaluation of the resulting controllers, the more detailed linear model of order 40 was used. 
To include nonlinear effects, the linear model is combined with disturbance spectra as shown in 
Figure 18. These disturbance spectra have been derived from a nonlinear simulation with a 
known reference controller, and a wind field with 18 m/s mean speed and 17% turbulence 
intensity. The auto-spectra components of the resulting model output disturbances are shown in 
Figure 20. 

 

 

Figure 19: Bode diagram of the linear models used for control design and evaluation; Blue: 40th order model, Green: 
14th order reduced model. Input 1: wind speed, Input 2: pitch angle, Output 1: fore-aft tower top acceleration, 
Output 2: generator speed 
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Figure 20: Considered disturbance auto-spectra for tower top fore-aft acceleration, rotor speed and tower bottom 
bending moment for 18 m/s mean wind speed and 17% turbulence intensity. 

Table 8: Criteria considered for evaluation of the Rotor Speed / Active Tower Damping Controller 

Criterion Symbol Calculation 

Estimated reduction in 
fatigue damage for tower 
bottom fore-aft bending 
moment 

DMYT Calculated from PSD of tower bottom fore-aft bending moment 
using the Dirlik estimation for Wöhler-coefficient m = 4. 

Estimated maximum 
generator speed deviation 

max gen Calculated from PSD of generator speed deviations gen using the 
Rice estimation 

Estimated maximum pitch 
speed 

max Pitch Calculated from PSD of pitch speed Pitch using the Rice estimation 

Robust stability to 
multiplicative input and 
output uncertainty 

|MI(i)|-1 

µ-1(MO(i)) 

The magnitude of MI() according to (65) and the structured 

singular value of MO() according to (69) are evaluated around the 

relevant structural eigen-frequencies i of the wind turbine: 

 1st tower bending mode 

 1st collective flapwise blade bending mode 

 1st drive train and edgewise blade mode 

See section 4.5.3.5 for a detailed discussion. 
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4.5.3 H∞ control design with wind disturbance input 

H∞-control design here is considered in the interpretation of shaping closed loop transfer 
functions. In the first step, full-order H∞-control design was carried out as a reference, using the 
hinfsyn-function in MATLAB [110].  

By means of suitable weighting functions, it is possible to define an upper bound for the 

magnitude of transfer functions from wind speed to generator speed, denoted as NOm(), and 
from wind speed to tower top acceleration fore-aft, denoted as NaT(). The schematic of the 
control design model combined with weighting functions is shown in Figure 21. The applied 
types of weighting functions are shown in Figure 22 as inverse bode magnitude plots and will 
be discussed in the following.  
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Figure 21: Augmented Model Scheme considered for control design 

 

4.5.3.1 Weighting function for generator speed 

The first idea was to put a threshold kWOm on the transfer function NOm()GWind(), where 
GWind() is a transfer function describing the wind turbulence spectrum. The transfer function 
for GWind() was chosen according to [111] and the parameters adjusted to fit the squared 
magnitude to the considered PSD of wind speed variations. The corresponding weighting 

function was thus chosen as k-WOm-1GWind(), resulting in a tight correlation between weighting 
function gain factor kWOm and the resulting bandwidth of generator speed deviations. It was 
found, however, that this specific weighting function did not result in minimum tower bending 
fatigue.  

Instead, the observation was made that weighting functions crossing the open loop transfer 
function GOm with zero slope, in general, result in smaller tower bending fatigue than those 
having a slope of 20 dB/decade in the region of the desired speed controller bandwidth. For this 
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reason, an inverse weighting function as shown in Figure 22(a) was chosen, having proportional 
behavior around the desired controller bandwidth. The derivative behavior at low frequencies 
ensures zero steady-state speed deviation of the closed-loop system. The first corner frequency is 
denoted as fc,WOm. At a frequency of 0.8 Hz, the slope again changes to 20 dB/decade to avoid 
interaction with higher frequency modes of the wind turbine. The complete weighting function 
is: 
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The free parameters of the inverse weighting function are thus corner frequency fc,WOm and the 
gain in the horizontal part kWOm.  

For illustration, in Figure 23, the estimated tower bending fatigue damage is compared for three 
different controllers with equal maximum generator speed deviation. It can be seen that 
controllers with small values of fc,WOm achieve lower values of tower bending fatigue damage. 

As a consequence, a pure D-controller acting on pitch speed reference (or a pure P-controller 
acting on the pitch angle reference) seems to be most suitable, if steady-state rotor speed 
deviations can be tolerated. If zero steady-state error is required, a desired compensation time 
constant for the steady state error can be specified. In the following it will be assumed that 
fc,WOm is set to a defined value corresponding to a comparably large time constant of 10 s. 

4.5.3.2 Weighting function for tower top acceleration 

For tower top acceleration, a simple constant kWaT is used as inverse weighting function WaT -1. 
The aim is to attenuate the peak in the transfer function from wind speed to tower top 
acceleration, which corresponds to an active damping of the tower fore-aft motion. Effectively 
this weighting function will flatten the closed loop transfer function as seen in Figure 22 (b). As 
the frequency of the first collective blade bending mode is close, damping will be influenced as 
well. 

4.5.3.3 Weighting function for pitch speed 

The weighting function Wp has several aims as listed in the following: 

 Represent the actuator limits in terms of pitch speed and pitch acceleration,  
 Provide sufficient roll-off to the controller for higher frequencies in order to avoid 

interaction with high-order structural modes,  

 Avoid amplification of noise, 

 Provide sufficient robustness against model uncertainties.  

The inverse of the chosen weighting function is shown in Figure 22 (c). In the low frequency 
region, the requirement to limit the pitch speed results in:  

 

Wp,0(s) = GWind(s) / Pitch,max 

 

where GWind(s) is a transfer function with one real valued zero and two real valued poles that is 

fitted to the given PSD of 1-point wind fluctuations. Here the maximum pitch speed Pitch,max 
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was assumed to be 5 deg/s multiplied with 2. In order to account for the assumed pitch 
acceleration limit of the actuator, one zero is included in Wp at frequency 

 

     ̇                     

 

A second zero at frequency Wp is placed in order to limit the bandwidth of the pitch controller. 
Finally, another pole at high frequency is required to make the transfer function proper.  

The complete pitch speed weighting function takes thus the form: 
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(63) 

 

 

The frequency of the second zero Wp, i.e. the bandwidth of the inverse weighting function, is 
considered as free parameter. It is closely related to robustness properties of the controller as 
will be discussed in the following section 4.5.3.5. 

4.5.3.4 Parameterization of the control design 

As listed in Table 9, in fact, we have now 3 weighting function parameters that are related to 
the relevant control objectives and represent a problem specific parameterization of the control 
design.  

Due to the conflicting nature of the control objectives the parameters are not independent of 
each other. However, the restricted number and the physical interpretation of the parameters 
provide a high degree of transparency to the control engineer and make it easy to investigate 
the design space of suitable controllers. This will be discussed in more detail in the following 
sections. 

Note that, in contradiction to classical control design, the design parameters are not parameters 
of the controller itself but input parameters to the numerical control design functions. These 
functions calculate the actual controllers based on the weighting functions and a model of the 
plant. Compare Figure 3 in the introduction of this work. Although there are only 3 control 
design parameters, high order controllers will be calculated that readily account for closed loop 
stability and for the couplings between the different performance and robustness relevant 
properties of the plant. 

 

Table 9: Free weighting function parameters for the Rotor Speed / Active Tower Damping Controller 

Control Objective Weighting Function Parameter 

Tight rotor speed control kWOm 

Active tower damping kWaT 

Robustness against model uncertainties Wp 
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a)      b) 

 

 
 
       c) 
 

 
 
Figure 22: Bode magnitude plots of open loop and closed loop for the reference H∞- control design: 

(a) from wind speed to generator speed,  

(b) from wind speed to tower top acceleration fore-aft,  

(c) from wind speed to pitch speed. 

blue: open loop, black dashed: inverse weighting functions, red: closed loop H∞-controller.  
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a)              b)  

 

c)                                                                    d) 

 

 

Figure 23: Comparison of three different H∞-controllers with the same maximum speed deviation: 

(a) Bode magnitude plot from wind speed to generator speed, blue line: open loop, 

(b) Step responses from wind speed to generator speed; blue dashed line: open loop, 

(c) Estimates of tower bottom bending fatigue damage (Dirlik), 

(d) Estimates of maximum generator speed deviation (Rice).  
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4.5.3.5 Influence of weighting function Wp on the robust stability 

Robustness of the controller should be considered here in terms of robust stability in the 
presence of multiplicative input and output uncertainty. As will be shown, robust stability 
against both types of uncertainty can be directly influenced by adjusting the weighting function 
Wp.  

If a plant with a single input is considered, robust stability against multiplicative input 
uncertainty is given, if the controller is stable for all plants 

 

                            ( )    ( )(    ( ))     (64) 

 

In our case, the input uncertainty is assumed to be located between pitch actuator and wind 
turbine. It would thus cover all uncertainties in response of the aerodynamic forces to pitch 
angle changes and in the response of the pitch actuator to reference values.  

G0 is the nominal wind turbine transfer function matrix from pitch angle to the measured 
outputs: tower top acceleration aT and generator speed deviation gen. The uncertainty is 
described by a complex number I() with arbitrary phase, that may depend on frequency. 
According to the small gain theorem [19] , the magnitude of all I(), that can be tolerated by 
the controller without losing stability, is bounded by the inverse of the largest singular value of 
the following transfer function MI : 

 

                                     ( )      ( ) ( )[    ( )    ( ) ( )]
    ( )   (65) 

 

In other words, robust stability of the closed loop is assured for all I() with 

  

 
 (  ( ))  

 

 ̅(  ( ))
    (66) 

 

or, since both MI and I are scalar: 
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    (67) 

 

Note that since I() is complex, it can also account for phase deviations in aerodynamic forces. 

The aim of modelling the output uncertainty is to cover modeling errors in the description of the 
structural dynamics of the wind turbine. This includes especially errors in the aerodynamic 
damping of the structural modes, which might significantly influence the peaks in the transfer 
function from wind to tower top acceleration and generator speed.  

The output uncertainty here is modeled as two independent complex factors at the measured 

outputs for tower top acceleration  T and speed deviation gen of the wind turbine model. The 
perturbed model is thus considered to be of the form: 
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Note that, since a normalized turbine model is used, the magnitude of the factors is directly 
comparable. This uncertainty model can be written as a diagonal matrix, it is thus a structured 
uncertainty model. To cover unmodelled dynamics, the elements of this uncertainty matrix, in 
general, should be large at high frequencies. Since significant uncertainty is assumed to be 
related to the aerodynamic damping of the structural modes of the wind turbine, the values of 
these factors are especially important at the first tower bending eigen-frequency and the first 
flapwise blade bending eigen-frequency.  

The robustness of the controller is now determined by the transfer function matrix MO: 

 

            ( )    ( )    ( ) ( )[    ( )    ( ) ( )]
    (69) 

 

Note that this is a 2x2 transfer function matrix. The robust stability criterion for the presence of 
structured uncertainty is given by: 
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     (70) 

 

see e.g [19]. The criterion is similar to (66), however, instead of the maximum singular value 
here the so called Structured Singular Value µ must be used, which is computed depending on 
the assumed structure of the uncertainty matrix O.  

In our case, O is assumed to be diagonal with two independent elements. For robust stability, 
the inverse of the structured singular values at a given frequency is thus an upper bound of 

these complex perturbations O,i that can be tolerated at this frequency. 

In other words, all perturbed plants with  

 

 

 
|    ( )|  

 

 (  ( ))
            (71) 

 

can be tolerated by the controller without losing stability.  

Note that, for a controller that uses only a single input signal, only one O exists. µ can thus be 
replaced by the maximum singular value. In this case there is no difference between input and 
output multiplicative uncertainty. 

For illustration, H∞ control design has been carried out for different values of the parameter WP 
in the pitch speed weighting function Wp according to (63). The results are shown in Figure 25. 
It can be seen that the parameter WP influences both the robustness towards input and output 
multiplicative uncertainty. While the robustness to input multiplicative uncertainty is dominating 
in the low frequency range, the requirement for robustness in the face of output multiplicative 
uncertainty becomes dominant in the frequency range where the structural modes of the wind 
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turbine model are located. The frequencies have been marked in the bottom plot of Figure 25. It 
can be seen that, while the robustness around the first tower bending eigen-frequency is almost 

unchanged, the choice of WP has significant influence on the robustness at first collective 
flapwise blade bending eigen-frequency and first drivetrain eigen-frequency. 

In Figure 24 the influence on the nominal performance of the control system is shown, based on 
the linear model estimations. As can be expected, both the fatigue damage and the maximum 
speed deviation become worse if the bandwidth of the inverse pitch speed weighting function is 
reduced. This reflects the fundamental relation in control engineering: An increase in robustness 
can only be gained at the cost of reduced performance of the control system. On the other 
hand, there is also significant influence on the maximum pitch speed, which decreases as the 
bandwidth of Wp-1 is reduced. 

 

 

 

Figure 24: Influence of weighting function parameter WP on the nominal performance of the control system. Left: 
tower bottom bending fatigue damage (Dirlik); Middle: estimates of maximum rotor speed deviation (Rice); Right: 
estimates of maximum pitch speed (Rice) 
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Figure 25: Influence of weighting function parameter WP on the robustness to multiplicative input and output 
uncertainty: 

Top: Magnitude of closed loop transfer function from wind speed to pitch speed;   

Middle: Maximum factor for transfer function magnitude resulting from input multiplicative uncertainty model; 

Bottom: Maximum factor for transfer function magnitude resulting from output multiplicative uncertainty model. 

The fat dashed lines represent in ascending order: tower bending eigen-frequency, collective flapwise blade bending 
eigen-frequency, combined collective edgewise / drive train eigen-frequency.  
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4.5.3.6 Interaction between the control objectives 

In this section the interaction between the control objectives of tight speed control and active 
tower damping should be discussed. To illustrate the relation, the weighting function Wp for 
pitch speed is assumed to be fixed for the moment. The bandwidth of the inverse weighting 
function was adjusted to approximately 2 Hz according to the criteria discussed in sections 
4.5.3.3 and 4.5.3.5. 

The gains kWOm and kWaT of the weighting functions for generator speed and tower acceleration 
are considered as free parameters for control design. One of the advantages of the control 
design using parametric weighting functions is the interpretation of these free parameters in 
terms of upper limits on transfer functions. To illustrate this, a number of H∞-controller 
calculations have been carried out on a grid in the 2-dimensional parameter space [kWOm, kWaT]. 
For the resulting controllers, the dependency of maximum speed deviations and tower bending 

fatigue damage on the maximum magnitude values of the closed loop transfer functions NOm() 

and NaT() have been investigated. 

For that purpose, the parameters kWOm and kWat have been reduced in a stepwise manner, 
beginning from starting values kWOm,0, kWat,0. These starting values can be interpreted as absolute 
upper bounds on the magnitude of the transfer functions NOm(), NaT(). For kWat,0 the natural 
choice is to set the starting value to the maximum of the open-loop transfer function from wind 

speed to tower top acceleration GaT(). This means, the controller should not reduce the 
damping in comparison to the open loop. Regarding the speed control loop, an upper bound 
for |NOm| can be easily found from the admissible maximum speed deviation, as shown below. 

For every H∞-controller computation, the function hinfsyn returns a performance value , which 
is smaller than 1 if all specifications in terms of weighting functions have been met. For  > 1, 
this is not the case and some closed loop transfer functions exceed the inverse weighting 
functions. The lower limit of the parameter space is thus given by the combinations [kWOm, kWaT] 
that result in  = 1, forming the border to the parameter region that is not feasible in terms of 
actuator limits or robustness requirements.  

The dependency of the Rice estimate for maximum generator speed deviation on the maximum 

magnitude of the transfer function NOm() is shown in Figure 26. Here, the relation is quite 
clear: a reduction in max |NOm| - as expected - will result in a proportional reduction of the 
maximum speed deviation. There is practically no dependency on max |NaT|. If the slope of the 
linear dependency is known, the maximum value of kWOm,0 as upper bound on kWOm can thus be 
directly derived from the maximum admissible speed deviation. 

The dependency of tower bending fatigue damage DMYT on the individual maxima of |NOm()|, 
|NaT()| is shown as color map in Figure 27. The black dots denote the calculated controllers. 
For constant max |NOm|, a decrease in max |NaT| will result in reduced fatigue damage. On the 
other hand, for constant max |NaT|, also a decreasing max |NOm| will result in reduced fatigue 
damage. In the considered case, the minimum is located on the lower border of the area, which 

is determined by the condition   = 1 and is thus mainly influenced by the pitch speed weighting 
function Wp. Since max |NaT| and max |NOm| are not independent of each other, the optimum 
trade-off has to be found. Specifically for the NREL wind turbine, it is not true in any case that a 
more aggressive active tower damping (reduced max |NaT|) will result in lower tower bending 
fatigue, as it might also mean an increase in max |NOm|. Also relaxing the speed controller will 
not in any case result in lower tower bending fatigue damage. In order to find the controller 
that minimizes DMYT, denoted here with a red circle, a systematic search on the weighting 
function parameters would be required. For finding the optimum set of weighting function 
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parameters, the most transparent way, as described above, is to apply H∞-control design for all 
parameter points [kWOm, kWaT] on a sufficiently dense grid in the feasible region. 

The simple algorithm is as follows: 

(1) Start with kWOm = kWOm,0, kWaT = kWaT,0. 

(2) Reduce kWaT in sufficiently small steps, until  > 1. Calculate the H∞-controller and 
evaluate DMYT for each point.  

(3) Reduce kWOm by one step. If  > 1, stop. 

(4) Repeat steps (2) and (3) until stop. 

(5) Select the controller for the grid point with minimum DMYT. 

The whole procedure can be easily automated. The gridding approach is feasible as each 
controller calculation and evaluation takes only a few seconds. For the grid, in the present case, 

a logarithmic step size for kWOm, kWaT of 1dB was found to be reasonable. 

It can also be seen in Figure 27 that, for very strict speed control specifications, the hinfsyn 
algorithm will produce unstable controllers. These controllers have been marked with black X in 
the color map. Note that the underlying algorithm for the H∞-controller calculation can only 
guaranty stability of the closed loop. Unstable controllers cannot in any case be avoided. They 
occur if the algorithm effectively tries to achieve the control objectives given by the weighting 
functions by canceling the nonminimum phase zeros in the transfer function. Because of the 
bad robustness properties, unstable controllers clearly are not suitable for practical application. 
Fortunately, for the present case, the controller that provides the minimum DMYT is not in the 
region of unstable controllers. However, stability of the controller itself has to be checked for 
each H∞ controller calculation. 
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Figure 26:  Dependency of Rice estimate for maximum speed deviation on the maximum of the transfer function 
NOm();black dots: calculated H∞ controllers 

 

Figure 27: H∞ control design with wind disturbance input; color map for dependency of tower bottom bending 
fatigue damage on the maxima of transfer functions NOm() and NaT(), black dots: calculated H∞ controllers; black x: 
unstable H∞ controllers; black dashed line: border =1; red circle: controller with minimum DMYT 
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4.5.4 H∞ control design with additional robustness specification 

In order to exclude unstable controllers from the search area, the idea was to make use of the 
worse robustness properties. In the color map in Figure 28 the minimum of the transfer function 
MI according to equation (65) is shown. By comparison with Figure 27, it can be observed that 
the region with unstable controllers is characterized by small values in min |MI()|. In Figure 29 
it is seen that the unstable controllers in fact produce a significant notch in MI , which is located 
close to the first tower bending eigen-frequency. It was thus an obvious idea to include the 
inverse of this transfer function into the H∞ norm minimization.  

The modified augmented model scheme is shown in Figure 30. It now has an additional 
disturbance signal added at the pitch angle input of G(s). This includes the following transfer 
function into the H∞ minimization criterion: 
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    ( )   |  
 

|  ( )|
 (72) 

 

and thus by comparing with (65): 
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 (73) 

 

 

Figure 28: Color map showing the minimum of the transfer function MI according to equation (65) 
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Figure 29: Bode magnitude plot of transfer function MI according to equation (65), for stable controllers (green) and 
unstable controllers (red) 
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Figure 30: Modified augmented model scheme for including robustness to multiplicative input uncertainty into the 
H∞ norm minimization  
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The factor kWp is required to adjust this relation with respect to the other transfer functions 
included in the norm-minimization.  

The resulting distribution of fatigue damage values DMYT is shown in Figure 31. By comparing 
Figure 31 with Figure 27, the following conclusions can be drawn: 

 By including the inverse of MI into the norm minimization criterion, unstable controllers 

are removed from the resulting group of controllers. 

 The minimum value of estimated fatigue damage DMYT and the belonging values of 

max |NOm| and max |NaT| are similar. However, the search space has become much 

smaller. 

 The minimum is now located in the lower corner on the  = 1 border.  

The last observation means that the optimum controller can be found now much easier:  The 
parameter kWOm can simply be kept at the initial value kWOm,0 . The optimum controller can then 
be gained by reducing kWaT in sufficiently small steps until the limit  = 1 is reached or the 
maximum speed deviation is higher than the desired value. 

 

 

Figure 31: H∞ control design with additional robustness specification; color map for dependency of tower bottom 
bending fatigue damage on the maxima of transfer functions NOm() and NaT(), black dots: calculated H∞ 
controllers; black dashed line: border =1; red circle: controller with minimum DMYT 
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4.5.5 Fixed-structure control design 

In the next step, a structured H∞-control design was carried out. The idea was to use the 
optimum H∞-controller described in section 4.5.4 as a reference and find a fixed-structure 
controller that is sufficiently close. 

For that purpose, the hinfstruct function of the Robust Control Toolbox in Matlab was applied 
[110], which allows to tune the free parameters of a prescribed controller structure based on 
H∞-norm criteria. The hinfstruct function applies non-smooth optimization, which means, that 
no gradient information and typically no convexity properties are required for the target 
function. For a more detailed overview of the algorithm the reader is referred to [112] and [113]. 

In nominal H∞ synthesis, feedback controllers are computed via semi-definite programming or 
algebraic Riccati equations [19]. When structural constraints on the controller are added, the H∞ 
synthesis problem is no longer convex [114]. However, despite the lack of convexity, control 
design tools based on non-smooth optimization algorithms have been reported to perform well 
in practice,  both  in  terms  of speed of execution and quality of the solutions. A control design 
study regarding individual pitch control of a two bladed wind turbine has been recently 
published by van Solingen and van Wingerden [115]. 

From the point of view of the control engineer, the hinfstruct algorithm allows to apply the 
same criteria as for the classical H∞ control design. Thus, for instance, the framework of robust 
control design can be applied to fixed structure controller tuning. If compared to classical H∞-
design, the general advantages of the fixed structure control design are: 

 The order of the resulting controller is given by the prescribed structure and is thus 
independent on the plant model order and weighting functions. 

 By prescribing a suitable controller structure, simultaneous design of decentralized 
controllers is possible. I.e. separated control loops for individual control tasks can be 
defined, that are tuned simultaneously in an overall design / optimization process. 

 A fixed and decentralized controller structure makes it easier to integrate the controllers 
into gain scheduling or controller switching arrangements required in practical 
applications. 

 No unstable controllers are computed. 

Still controller order and controller structure have to be chosen appropriately. Regarding the 
present pitch control design problem, it was found that the speed control objectives can be 
achieved by a simple PD-controller acting on pitch speed reference, where an additional 2nd-
order low-pass filter was applied for roll-off in the high frequency region. This is consistent with 
the state-of-the-art of wind turbine controllers, compare chapter 1. 

For the tower damping controller, however, it was not possible to identify a transparent transfer 
function structure, e.g. a bandpass filter.  Instead, a general state space model with free 
parameters was assumed. The order of this model was increased, until the hinfstruct algorithm 
provided sufficient agreement with the H∞-reference controller. It was found that a 5th-order 
state space model is sufficient to meet the design objectives. The pitch speed weighting function 
was relaxed somewhat by shifting the roll-off to higher frequencies. This was done, however, 
while considering the pitch speed limitation and the robustness to input and output 
multiplicative uncertainty as discussed in section 4.5.3.5. 

The comparison of the resulting fixed structure controller with the H∞-controller for minimum 
fatigue damage DMYT is shown in Figure 32, regarding the resulting transfer functions, and in 
Figure 33, in terms of performance values. The resulting step response and the estimated values 
of tower bending fatigue damage and speed deviation are very similar, while the maximum 
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pitch speed is even slightly smaller for the fixed-structure controller. It is interesting to see, in 
Figure 34, how the transfer functions of the H∞-reference controller are approximated by the 
fixed-structure controller in the frequency band around tower bending eigen-frequency. In 
Figure 35 it can be seen that, although the bandwidth of Wp-1 is higher, the fixed order 
controller provides a similar robustness to multiplicative output uncertainty at frequencies 
related to the 1st tower fore-aft and 1st flapwise blade bending mode as compared to the 
H∞-controller. For the drivetrain eigen-frequency, the robustness is even considerably higher. 

A certain drawback, that should be mentioned here, is the “non-smooth” behavior of the 
hinfstruct algorithm. Small changes in weighting function parameters may result in qualitatively 
completely different controller transfer functions, which in turn may result in jumps in the 
performance values.  This characteristic makes it more difficult to apply the fixed structure 
control design in the frame of a higher level controller tuning scheme as compared to the 
classical H∞ control design discussed in the previous sections. However, if a number of fixed-
structure controllers are computed on a sufficiently dense grid of weighting function 
parameters, a good controller can normally be selected. The comparison with the H∞ reference 
control design was found to be a good guideline for this selection. 
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a)         b) 

 

c) 

 

 

Figure 32: Bode magnitude plots of open loop and closed loop, comparison of H∞- and fixed-structure controller: 

a) from wind speed to generator speed;  

b) from wind speed to tower top acceleration fore-aft;  

c) from wind speed to pitch speed 

blue: open loop, black dashed: inverse weighting functions, red: closed loop H∞-controller, green: closed loop fixed-
structure controller 
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a)      b) 

 

c)    d)    e) 

 

 

Figure 33: Performance comparison of H∞ (red) and fixed-structure controller (green): (a) step response wind speed to 
rotor speed; (b) step response wind speed to tower top acceleration fore-aft; (c) tower base fore-aft bending fatigue 
damage (Dirlik estimation); (d) max. speed deviation (Rice estimation); (e) max. pitch speed  (Rice estimation) 
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Figure 34: Bode magnitude plots of H∞ (red) and fixed-structure controller (green); speed controller (left) and active 
tower damping controller (right). 

 

 

Figure 35: Plot of the inverse structured singular value of MO() according to equation (69), for H∞ (red) and fixed-
structure controller (green) 
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4.5.6 H∞ control design without tower acceleration measurement 

For evaluating the significance of the tower top acceleration measurement, the H∞-design 
methodology was also used to design a collective pitch controller that uses only generator speed 
as input signal. 

The most important finding here was, that the hinfsyn-algorithm for the standard model was 
not able to effectively suppress the peak in the transfer function from wind speed to tower top 
acceleration. For some weighting function parameter settings, some active damping could be 
observed in the later time range of the step response in wind speed. This, however, was related 
with higher acceleration values at the beginning of the step response and higher values in the 
estimated fatigue damage DMYT. Still, the control design scheme with weighting on aT makes 
sense to find a speed controller that provides a good compromise between speed deviations and 
tower bending fatigue. 

The low effectiveness of the controller without tower top acceleration measurement in terms of 
active tower bending can be accounted to the pair of nonminimum phase zeros at tower eigen-
frequency in the transfer function from pitch angle to rotor speed, compare Figure 19.  Due to 
the large phase drop assigned with this pair of zeros, it represents a strict bandwidth limitation 
for the pitch control loop that, in principle, cannot be overcome with a SISO controller, refer to 
[19] and [116] . 

For illustration, a different design model was used where the nonminimum phase zeros have 
been removed. As suggested in [58], this can be achieved by locking the tower side-side mode 
or using absolute rotor speed measurement instead of relative one with regard to the roll 
movement of the nacelle bed plate. It was found that in this case the SISO controller can achieve 
similar active damping and speed control performance as compared to controllers with both 
speed and tower acceleration input. However, as shown in Figure 36, the controller with only 
rotor speed input shows significantly reduced tolerance to multiplicative output uncertainty, as 
compared to the H∞ controller with 2 inputs. For the single input controller, a significant notch 
exists in the transfer function magnitude of |MO()|-1 in the frequency region around 1 Hz, 
which is not present in the structured singular value plot for the controller with 2 input signals.  

The omission of the tower top acceleration measurement is thus not recommended for 
robustness reasons, even if the bandwidth limitation by the pair of nonminimum phase zeros 
would not be present. 

4.5.7 Mixed H2 / H∞ control design 

For the structured and unstructured H∞ control design approaches considered in the previous 
sections, minimization of fatigue damage DMYT could not be integrated directly into the 
formulation for controller optimization but had to be achieved by adjusting the free weighting 
function parameters. As it is known that the variance of load signals in some cases can be used 
as a rough indication of fatigue damage, see e.g. [117], in this chapter the variance of MYT was 
taken directly into the control design. In Figure 37, for a set of H∞ controllers as calculated in 
section 4.5.3, the variance of the signal MYT is compared with the estimated fatigue damage. 
The variance of the signal can be calculated as H2 system norm of the following transfer 
function: 

                                                      ( )      ( )     ( )       (74)
      

Here NMYT is the closed loop transfer function from wind speed to fore-aft tower bottom 
bending moment MYT. Gwind is a filter that approximates the spectrum of wind fluctuations.  
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a)       b) 

 

c)        d) 

 

Figure 36: Comparison of speed and active tower damping controllers with two input signals (hinf2, red) and with 
generator speed input only (hinf1, green). The side-side tower bending mode has been locked in the model to remove 
the nonminimum phase zeros at 1st tower bending eigen-frequency. 

a) Bode magnitude plot from wind speed to generator speed;  

b) Bode magnitude plot from wind speed to tower top acceleration fore-aft;  

c) Bode magnitude plot from rotor speed to pitch speed (controller transfer function); 

d) Plot of the inverse structured singular value of MO() according to equation (69). 
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Figure 37: Relation between tower bending fatigue damage DMYT and the H2-norm of N2 = Gwind()NMYT() for the H∞ 
control design (red) and the mixed H2/H∞ control design (green) 

 

 
 
Figure 38:  Controller for mixed H2 H∞ design, integrating an estimation for MYT; green line: bode magnitude plots 
of transfer functions from wind speed to rotor speed (left) and from wind speed to fore-aft tower top acceleration 
(right), blue line: open loop. 
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Recall that, if the system input is assumed to be white noise, the H2 norm effectively describes 
the variance i.e. area under the PSD plot of the outputs.   

From Figure 37, the following observations can be made: 

 The considered H2-norm, in this case, is only a rough measure of the fatigue damage. 
 However, for the H∞ control design, there is at least an approximate relation that closed 

loop systems with smaller H2-norm also produce smaller values in fatigue damage. The 
controller with lowest H2 system norm is close to the minimum fatigue value over all 
H∞-controllers.  

The idea was thus, to include a H2-norm minimization criterion into the control design for 
directly integrating the objective of fatigue load minimization. In order to use the same control 
design model and the same performance outputs, the tower bottom bending moment was 
reconstructed from the tower top acceleration. If it is assumed that tower bending moment is 
approximately proportional to tower top deflection, this is possible using a second order low 
pass filter.  

The advantage, as compared to the H∞-norm criteria discussed in the preceding section, is that 
the H2 norm criterion for fatigue load reduction considers the entire frequency range. That 
means there will be automatically a trade-off between disturbance rejection at lower frequencies 
and the amplification around bandwidth frequency. Specifically, a distinct weighting function for 
fatigue load reduction is not required.   

On the other hand, pitch activity should still be evaluated by a H∞-Norm criterion for the 
following reasons: 

 A frequency dependent upper bound on the transfer functions is advantageous for 
describing the actuator limits. 

 The H∞-norm minimization allows to include robust stability requirements with respect to 
unstructured uncertainty into the control design as discussed in section 4.5.3.5.   

The same weighting functions for rotor speed WOm and for pitch speed Wp as discussed for the 
H∞ control design in section 4.5.3 have been used. As a consequence, we get a mixed H2/H∞-
optimization problem of the general form: 

 

    
 
 ( ‖  (   )‖ 

   ‖  (   )‖ 
  (75) 

 

Here N2 is given by equation (74). N∞ is the closed loop transfer function matrix from wind 
speed to rotor speed and to pitch speed. K is the controller to be calculated. 

Mixed H2/H∞-control design has been considered before by Lescher et. al. [118] for the 
application in collective pitch control.  However, the choice of weightings was not described in 
detail. 

If the H2 norm of the transfer function from wind speed to MYT is included directly into the 
minimization, it was found that the resulting controllers tend to shift the peak of the related 
transfer function from wind speed to tower top acceleration towards higher frequencies as can 
be seen in Figure 38. While this is effective to reduce the H2 norm and the tower bending 
fatigue, the blade loading will be increased. Obviously this is an example of improper definition 
of the control objectives; the resulting controllers are not useful for practical application. 
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Better results were achieved if, instead of MYT, the H2 norm of the tower top fore-aft 
acceleration aT was included into the norm minimization criterion as shown in Figure 39. The 
resulting controllers are now similar to the H∞ control design discussed before. Besides the wind 
model Gwind(), an explicit weighting function for aT is not used. However, if the pitch speed 
weighting function Wp is considered as fixed, with this mixed H2/H∞ setup, still we have two free 
parameters: One is the gain of the rotor speed weighting function kWom. The other free 
parameter is the relative weighting  between H∞ and H2 norm minimization from expression 
(75), with  = 1-. Controller calculation has been carried for a number of different values of . 
The results regarding fatigue damage estimation DMYT and speed deviation max are shown in 
Figure 40. From this Figure, the following conclusions can be drawn: 

 For a fixed value of , both the maximum speed deviation and the fatigue damage DMYT 
decrease with decreasing kWOm. The minimum values are thus determined by the pitch 
angle weighting function Wp. This is not the case for the H∞ control design, where at 
some value of kWOm, the fatigue damage starts to increase again. 

 For both H∞ and mixed H2/H∞ control design there is a distinct minimum value of DMYT. 

For both controllers this minimum is located at similar values of generator speed 

deviation max. For the mixed H2/H∞ control design, to find this minimum, the 

weighting factor  has to be varied.  

 As compared to the H∞ control design, the mixed H2/H∞ control design achieves lower 

values of fatigue damage DMYT. Especially for smaller admissible speed deviations, larger 

reductions in tower bending fatigue damage DMYT can be achieved. 

In Figure 41 to Figure 44, the results for the mixed H2/H∞-controller that minimizes tower 

bending fatigue are shown in green. For comparison, the results of the H∞-controller from 

section 4.5.4 are shown in red. It can be seen that the H2/H∞ control design achieves smaller 

values in tower bending fatigue damage DMYT, maximum speed deviation , and maximum 

pitch speed Pitch. The controller transfer functions are quite similar to the H∞ control design 

(Figure 43) and also the robust stability properties are similar (Figure 44). 

A drawback, however, is the fact that the process of calculating a mixed H2/H∞ controller is 

much more time consuming as compared to the H∞ control design, making it less suitable for 

application in the higher level controller tuning process. 

 



 
4  Load Reducing Control Design for Wind Turbines based on Multi-Variable Methods in the Frequency Domain 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   85  

 

G(s)

Wp(s) 

Rotor 

Effective

Wind 

Speed

ZH∞

ZH2

∆Ωgen

aT

Wind Turbine Model

H2 norm

minimization

H∞ norm 

minimization

Pitch

Controller

Generator Speed

Deviation 

Tower Top 

Acceleration 

Pitch Speed 

Reference

vWind

aT

Ωpitch,ref

D(s)

K(s)

Closed Loop 

System

N(s)

Gact(s)
∆Ωgen

pitch

Pitch

Angle WOm(s)

Gwind(s)

 

Figure 39: Augmented model scheme for mixed H2/H∞ control design 

 

 

Figure 40:  Damage MYT vs. max. generator speed deviation, comparison of classical H∞ control design (red) and 
mixed H2/H∞ control design (green). 
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a)         b) 

 

c) 

 

 

Figure 41: Bode Magnitude Plots of open loop and closed loop, comparison of H∞- and mixed H2/ H∞-controller: 

a) from wind speed to generator speed;  

b) from wind speed to tower top acceleration fore-aft;  

c) from wind speed to pitch speed. 

blue: open loop, black dashed: inverse weighting functions, red: closed loop H∞-controller, green: closed loop mixed 
H2/H∞-controller  
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a)      b) 

 

c)    d)    e) 

 

 

Figure 42: Performance comparison of H∞ (red) and mixed H2/ H∞-controller (green): (a) step response wind speed to 
rotor speed; (b) step response wind speed to tower top acceleration fore-aft; (c) tower base fore-aft bending fatigue 
damage (Dirlik estimation); (d) max. speed deviation (Rice estimation); (e) max. pitch speed  (Rice estimation) 
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Figure 43: Bode Magnitude Plots of H∞ (red) and mixed H2/ H∞-controller (green); speed controller (left) and active 
tower damping controller (right). 

 

 

Figure 44: Plot of the inverse structured singular value of MO() according to equation (69) for H∞ (red) and mixed 
H2/ H∞-controller (green) 
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4.5.8 Verification with nonlinear simulations 

For verification of the control design results, nonlinear simulations have been carried out for the 
controllers summarized in Table 10 with the IWES in-house wind turbine simulation tool WTsim 
[61]. This simulation tool is fully implemented in MATLAB/Simulink. It includes a structural 
dynamics module based on a linear Multi-Body approach, which is scheduled with the operating 
point, including the relevant structural modes up to 10 Hz. The aerodynamics are modelled 
based on a state-of-the-art implementation of the Blade-Element-Momentum (BEM) theory. 

A turbulence intensity of 17% at 18 m/s mean wind speed was assumed, leading to 
considerable deviations from the steady-state operating point of the wind turbine model. Only a 
single turbulence seed of 600s duration was simulated, leaving some room for statistical 
uncertainty in the time domain results. In order to achieve comparability between nonlinear 
simulation results and linear model predictions, the same turbulence seed was used for 
nonlinear simulation as the one used to generate the disturbance spectra of rotor speed and 
tower top acceleration for controller evaluation. 

The comparison of the simulation results with the linear model predictions for fatigue damage 
related to the tower base fore-aft bending moment MYT are shown in Figure 45. The same 
comparison for maximum values of rotor speed deviations and pitch speed are plotted in Figure 
46 and Figure 47. It can be concluded that there is good agreement of the nonlinear simulation 
results with the linear model predictions, even though only one turbulence seed was simulated. 

 

Table 10: Overview of controllers verified in nonlinear simulation 

Controller Order Description 

Kref 2 Reference Speed controller with same speed controller settings as Kstruc2 

Kstruc2 7 Fixed structure controller, PD speed controller and 5th order tower damping 
controller, described in section 4.5.5 

Khinf2 18 

 

H∞-control design with generator speed and tower acceleration input, described 
in section 4.5.4 

Kh2 23 

 

Mixed H2/H∞-control design, described in section 4.5.7 
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Figure 45: Comparison of tower base bending fatigue damage DMYT for nonlinear simulation (time series) and linear 
model prediction (Dirlik estimation). 

 

 

Figure 46: Comparison of maximum rotor speed deviation for nonlinear simulation (time series) and linear model 
prediction (Rice estimation). 

 

 
Figure 47: Comparison of maximum pitch speed for nonlinear simulation (time series) and linear model prediction 
(Rice estimation). 
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4.5.9 Summary rotor speed / active tower damping controller  

The design study for the combined rotor speed / active tower damping controller can be 
summarized as follows: 

 Considering only the speed controller, D-control (acting on pitch speed reference) seems to 
be most effective to minimize tower bending fatigue while restricting speed deviations 
below a prescribed threshold. 

 If speed controllers with sufficiently large compensation time constants for the steady state 
error are applied, the maximum magnitude of the transfer function from wind speed to 
generator speed is directly related to the maximum values of speed deviations for a given 
disturbance spectrum. 

 Unfortunately, such a direct link between weighting function and time domain control 
objective was not found for the fatigue damage related to tower bottom bending moment 
MYT. Here, the minimum results from a trade-off between tight speed control and active 
tower damping. The minimum can be found, for example, by applying a numerical search 
algorithm on weighting function parameters. In comparison to direct controller parameter 
optimization, however, the H∞-approach is more transparent and allows restricting the 
search area by considering upper bounds on the closed-loop transfer functions. 

 It was shown that a suitable fixed structure control design, in principle, can achieve similar 
results as a full order H∞-controller. The prescribed controller structure is more transparent 
and easier to handle in a practical arrangement, including gain scheduling and handling of 
actuator saturations. Due to the “non-smooth” behavior, however, the tuning of weighting 
functions is more difficult as compared to the classical H∞-design. 

 If no minimum phase zero is present in the transfer function from pitch angle to rotor speed, 
in principle, both speed control and active tower damping would be possible using only 
generator speed feedback. For robustness reasons, however, omission of the tower top 
acceleration feedback is not recommended.  

 Mixed H2/H∞-control design can achieve better results, in terms of achievable load reduction 
and pitch speed limitation, than classical H∞-control design. A certain drawback, however, is 
the much higher computational time required for each controller calculation. 

In this work, exemplarily, only one full-load operating point of the wind turbine was considered. 
In non-linear simulations, the controllers were shown to provide good robustness to variations in 
the operating point. If required, the demonstrated approaches can be easily extended to a 
number of operating points. Especially for the fixed order control design, gain-scheduling 
between the different controllers is then quite straightforward because of the defined order and 
the transparency of the prescribed controller structure. 
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4.6 Control design for Individual Pitch Control 

4.6.1 Control design objectives and evaluation criteria 

As a second example, the approach was applied to the design of an Individual Pitch Controller. 
As was discussed extensively in section 2.3, Individual Pitch Control can be used to reduce the 
effect of unsymmetrical inflow conditions on the loading of the blades, the machine bed and 
the main bearing. In this section the following control design objectives will be considered: 

For a given turbulence spectrum,  

 minimize the fatigue damage related to the flapwise blade root bending moment,  

and/or 

 minimize of maximum value of yawing moment  acting on the tower top, 

while  

 keeping the maximum pitch speed below a specified value, 

 keeping the total pitch angular movement under a specified value. 

For controller evaluation the performance and robustness criteria listed in Table 11 will be used. 

4.6.2 NCF margin 

Robust stability to unstructured uncertainty in this section is evaluated by considering a 
Normalized Coprime Factorization (NCF) of the plant. The NCF margin is a useful measure for 
robustness to unstructured uncertainty in MIMO systems, if no a-priori information on the 
uncertainty is given [119]. This is the case for the Individual Pitch Controller as there are many 
potential reasons for uncertainty in the effect of individual pitch angle offsets on the measured 
blade root bending moments, including also couplings between the s- and c-axis. 

The key statement in the concept of the NCF margin is that the maximum singular value of the 
expression: 

 

   [    ]  (     )
    

   (76) 

 

is a measure for the unstructured combined input / output uncertainties M , N in the perturbed 
plant   

    (     )
  (     ) (77) 

 

that can be tolerated without losing closed-loop stability, where G0 = ML-1NL is a left coprime 
factorization of the nominal plant G0. This uncertainty description is very general in the sense, 
that it allows both zeros and poles of the perturbed plant to cross the imaginary axis, thus 
moving into the right half of the complex plane [119]. 

A direct physical interpretation of robustness to NCF uncertainty is normally difficult. However, 
bounds on different types of commonly used input and output robustness measures can be 
computed and are given in [119]. As a rule of thumb, a control design is usually sufficiently 
robust, if an NCF margin larger than 0.25 is achieved [19].  
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Table 11: Criteria considered for evaluation of the Individual Pitch Controllers 

Criterion Symbol Calculation 

Estimated reduction in 
Damage Equivalent Load 
for flapwise blade root 
bending moment 

DEL Mfl,1 Calculated as Dirlik estimation from PSD spectrum of blade 1 
flapwise blade root bending moment Mfl,1 

Estimated maximum value 
for hub yawing moment 
Ms 

max |Ms| Calculated as Rice estimation from PSD of hub yawing moment Ms 

Estimated blade 1 pitch 
activity 

total The pitch activity is estimated as square root of the variance of the 

PSD spectrum of Pitch. This is proportional to  

 

Estimated maximum 
absolute value of blade 1 
pitch speed 

 

max |Pitch| Calculated as Rice estimation from PSD of Pitch 

NCF-Margin  Maximum singular value of the expression  

M = [KT I]T (I+G0K)-1 ML-1 

Where G0 = ML-1NL is a left coprime factorization of the nominal 
plant G0,  

see section 4.6.2 for more details. 

 

4.6.3 Shift of power spectra between fixed and rotating frame of reference 

As is commonly done for IPC 1p, the actual control design is carried out in Multiblade 
coordinates, see section 2.3.2. All signals related to the rotating blades are thus transformed 
into the fixed frame of reference. The signals of the 3 rotor blades are then represented by a 
0-component, equal for all blades, a sine-(s)-component and a cosine-(c)-component, depending 
on the rotor angle. In the following, the subscripts 123 are used for blade related signals and 
the subscripts 0sc for Multiblade transformed signals.  

Considering a vector of blade related signals, with 

 

     ( )  [  ( )    ( )    ( )]
 

    ( )  [  ( )    ( )    ( )]
  (78) 

 

the transformation between both frames of reference in the time domain is given by: 

 

     ( )   ( ( ))    ( ) (79) 

 

With the transfer-matrix T of the inverse Multiblade transformation: 
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Here,  is the rotor angle and i0 are the initial angles of the 3 rotor blades with i = 1,2,3. 

For relating fatigue damage and maximum values to the PSD spectra of the considered signals, 
the Dirlik and Rice estimates can be used in the same way as for the active tower damping 
controllers in section 4.5. The control design objectives formulated in the preceding section may 
thus be formulated in the frequency domain as: 

 

    
 
 ( 
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   (      
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(80) 

 

 

Here K is the Individual Pitch Controller, D is the Dirlik Function to estimate the fatigue damage 
and R is the Rice function for estimation of the maximum expected value. 

It should be noted, however, that the out-of-plane bending moments and the pitch movements 
for a single blade need to be evaluated in the rotating frame of reference while the actual 
control design is carried out in the fixed frame of reference.  

Fortunately, for the assumption of constant rotor speed, it is possible to shift the power spectra 

between rotating and nonrotating frame of reference. Assuming constant rotor speed , the 
transfer matrix T can be written as Fourier series: 
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If the signals y0sc, are considered as stationary process, the signals  y123 , related to y0sc, by the 
inverse Multiblade transformation, can be considered as outputs of a cyclo-stationary process. 
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The covariance function matrix of such process is periodic in the rotational frequency . The 
correlation matrix averaged over one period is given by: 
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With the Multiblade transform 
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and the correlation matrix of the stationary process     ( ), being a function of the time 
difference   only: 
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the averaged correlation matrix becomes: 
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Due to the orthogonality property of the complex exponential function, in this integral, only 
three terms remain: 
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(86) 

 

The average power spectral density is then given by the Fourier transform of this equation: 

 

 
 ̅  
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   ( )       

 

  

 

 

(87) 

As result, in accordance with the expression given in [120], the averaged CPSD matrix of blade 
related signals in the rotating frame of reference can be derived from the CPSD matrix for the 
fixed frame of reference, using the relation: 
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where the CPSD matrices take the form: 
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Here the index H stands for the transpose conjugate of matrices and * denotes the complex 
conjugate values of the cross spectral terms mirrored on the main diagonal. 

It should be noted that this transformation of spectra is only unique, if the full CPSD matrix 
including the cross spectra between s- and c- axis are considered. From considering the auto 

spectra alone, i.e. the diagonal elements of    
   , it is not possible to decide whether a 3p 

component in the s- or c-component of the Multiblade transformed vector is related to a 2p or a 
4p component in the time series seen by the individual blade.  

It was found that the cross spectral terms between 0 and s, c respectively are typically small and 
can be neglected. The cross spectra between s- and c-components, however, include the 
information on the direction of rotation and must be considered.  

The relation for the phase shift of spectral matrices is exact for constant rotor speed, however, it 
was found to provide good estimations also for full-load wind turbine operation in turbulent 
wind conditions with small deviations in rotor speed as provided by a conventional rotor speed 
controller.  

4.6.4 Control design model and disturbance spectra 

Based on the transformation discussed in the preceding section, incorporation of a control 
design in Multiblade coordinates in a higher level controller evaluation and tuning algorithm 
according to Figure 3 was found to be feasible. The applied controller scheme is shown in Figure 
49. Both blade root flapwise bending moments and individual pitch angle offsets are thus 
considered in the fixed frame of reference. Because the aim of the controller is to compensate 
the unsymmetrical components, only the s,c-components of bending moments and pitch angle 
offsets are regarded. Again, the transfer function G(s) has been derived based on the 40th order 
linear model of the wind turbine. A reduced control design model of order 12 was finally used, 
including: 

 1st tower bending mode fore-aft, 

 1st blade backward and forward whirling modes flap,  

 2nd blade backward and forward whirling modes flap. 

The Bode plots of the full and the reduced models are compared in Figure 48. It can be seen 
that there is considerable coupling between the s- and c-axes. The coupling of the 
unsymmetrical s,c-components with the collective pitch control loop is small and has been 
neglected for control design. 
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Linear controller evaluation is based on a disturbance CPSD matrix as discussed in section 4.4.2. 
Disturbance spectra for operation without IPC controller have been derived from nonlinear 
simulation. In the present case, control design is described for one typical operational situation 
in the full-load operational region: 

 18 m/s mean wind speed, 

 17% turbulence intensity, 

 8 deg yaw misalignment, 

 0.14 shear coefficient. 

The auto power spectra for the Multiblade transformed flapwise bending moments Ms and Mc 
are shown in Figure 50 together with a fitted disturbance model D(). It can be seen that there 
is a significant peak at 3p frequency, located at 0.6 Hz. 

 

Figure 48: Bode plot of the reduced 12th order model used for control design (green) derived from the detailed 40th 
order model (blue) 
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Figure 49: Control design scheme in Multiblade-coordinates for the Individual Pitch Controller 

 

Figure 50: Disturbance auto-spectra for Ms, Mc and magnitude square of fitted disturbance model D() 
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4.6.5 Classical I-controller design 

As a reference, classical IPC 1p design was investigated first. In many cases an IPC controller is 
realized as two simple I-Controllers, one for each s- and c-axis, see e.g. [14].  

The effect of increasing the bandwidth of the sensitivity function S() was investigated by 
comparing a number of controllers with different values of the integrator gain. The effect on 
maximum singular value is shown in Figure 51. When increasing the bandwidth of the sensitivity 

function S(), which is taken at the upward crossing of the -3dB line, also the peak is increased. 
For the simple diagonal I-controller (black), very high peaks in S() occur for high values of 
controller bandwidth. These peaks will effectively increase loads at higher frequencies, thereby 
compensating the load reduction at lower frequencies. Note again that the frequencies are 
related to the fixed frame of reference here. The peaks in sensitivity function occur just below 
the first backward flap whirling mode which obviously defines a frequency limit for the 
bandwidth of the sensitivity function that cannot be overcome by the I-controller. 

In Figure 52, the relation between sensitivity function bandwidth and the estimated relative 
fatigue load reduction for flapwise bending of blade 1 is shown. For logarithmic frequency 
scaling, there is an almost linear relation up to a certain maximum. If the integrator gain is 
increased further, the load reductions start to decrease due to the growth in the peak of the 

sensitivity function S(). 

For practical application, it might be more interesting to look at the relation between load 
reduction and pitch activity. The relation was plotted in Figure 53, for relative reduction in the 
DEL related to flapwise blade root bending moment of blade 1. In Figure 54, a similar plot is 
shown for the reduction in maximum hub yawing moment max |Ms|. As can be seen, there is a 
distinct maximum in both considered load reductions. 

Typically, there is considerable coupling between the s- and c-axis of the plant, due to delays 
between pitch angle reference and the actual aerodynamic forces. This overall delay is a 
combined effect caused by actuator delays and structural dynamics. To compensate for these 
couplings, a stationary decoupling matrix was applied, making the plant strictly diagonal at zero 
frequency. In Figure 51 to Figure 55 it can be seen, that this decoupling matrix has significant 
positive effect on both the load reduction and the robustness of the IPC 1p controller, expressed 
by the NCF-margin. Furthermore, by applying the stationary decoupling matrix, the maximum 
load reduction can be achieved at lower pitch activities.  

It is also known that IPC 1p has a tendency to increase the 3p load component, see e.g. [49]. For 
that reason, a 3p filter is often applied [14]. In the present case, a notch-filter was implemented. 
It can be seen in Figure 53 and Figure 54, that the 3p notch filter has the effect to increase the 
achievable load reductions for higher values of the sensitivity function bandwidth. However, the 
NCF-margin, where the maximum load reduction is achieved, decreases as seen in Figure 55. 

Considering the effects on the sensitivity functions in Figure 51, the decoupling matrix reduces 

the first peak in sensitivity S(), thereby increasing load reduction and robustness. The notch 
filter will also act to decrease the value of S() at the second peak around 3p-frequency 
(0.6 Hz) thereby further increasing load reductions. 

To summarize, the classical I-controller with decoupling matrix and 3p notch filter provides both 
good performance and robustness properties. However, the integrator gain must be carefully 
tuned to achieve the optimum load reduction. 
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Figure 51:  Maximum singular value plots of the sensitivity function S() for increasing integrator gain; comparison of 
diagonal I-controller (black), and I-controller with static decoupling matrix and 3p-notch filter (red) 

 

Figure 52:  Effect of increasing the bandwidth of sensitivity function S() on the achievable fatigue load reduction DEL 
Mfl,1; comparison of diagonal I-controller (black), I-controller with static decoupling matrix (red dashed), and I-
controller with static decoupling matrix and 3p-notch filter (red solid) 
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Figure 53:  Fatigue load reduction DEL Mfl,1 vs. pitch activity for classical I controller designs; comparison of diagonal I-
controller (black), I-controller with static decoupling matrix (red dashed), and I-controller with static decoupling matrix 
and 3p-notch filter (red solid) 

 

Figure 54:  Extreme load reduction max |Ms| vs. pitch activity for classical I controller designs; comparison of diagonal 
I-controller (black), I-controller with static decoupling matrix (red dashed), and I-controller with static decoupling 
matrix and 3p-notch filter (red solid) 
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Figure 55: Fatigue load reduction DEL Mfl,1 vs. NCF robustness margin for classical I control designs; comparison of 
diagonal I-controller (black), I-controller with static decoupling matrix (red dashed), and I-controller with static 
decoupling matrix and 3p-notch filter (red solid) 

 

4.6.6 Mixed sensitivity H∞ control design with parametric weighting functions 

Next, a classical H∞ control design was carried out, based on a stacked norm minimization 
criterion including: 

 Sensitivity Function S: Here the weighting function WS determines the bandwidth of the 

controller and the steady state control error. 

 Complementary Sensitivity Function T:  The weighting function is set to reduce the peak 

in S and to avoid that S will get much smaller than the inverse weighting function WS-1 in 

the low frequency region. 

 Control Sensitivity Function KS: The weighting function WKS puts a limit on pitch activity. 

Furthermore it determines the robustness to unstructured multiplicative uncertainty. 

The model augmented with weighting functions is shown in Figure 56. Again, the choice of 
weighting functions is not obvious. The optimum bandwidth of the sensitivity function is not 
clear a priori because of the 3p load component, which is present in the disturbance spectra, 

and the influence of peaks in S() on the achievable load reductions. As will be seen, also the 
low frequency gain of the sensitivity function has major influence on the ratio of load reduction 
to actuator usage.  

The inverse weighting function for the sensitivity function S() has been chosen as simple lead 
lag term: 
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The low frequency gain kWS and the second corner frequency fWS, which effectively determines 
the bandwidth of the resulting sensitivity function, in the following are considered as free 
parameters. The first corner frequency fWS,2 is adjusted according to the required high frequency 
gain of WS, which was chosen here as 20 dB. 

The weighting function for the complementary sensitivity function T is simply a constant 
WT = 0.5.  

The weighting function for the pitch angle amplitude Wp was chosen as simple differentiator 
with 2 poles at high frequency and gain kWP fulfilling at:  
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in the frequency range around the desired bandwidth of the controller. An example singular 
value plot and the shape of the inverse weighting functions can be seen in Figure 57. A number 
of H∞ control design calculations has been performed on a grid of the parameters [kWS, fWS], 
where kWp was considered to be fixed.  

The results of the estimated DEL reductions for Mfl1 are plotted over the estimated maximum 
pitch speed in Figure 58. The green lines denote H∞ controllers that have been calculated for the 
same values of kWS, where kWS decreases from left to right.  For every curve, the reduction in DEL 
increases for increasing corner frequency fWS. The controllers with best load reduction 
performance appear close to the limit  = 1, which is mainly determined by the choice of Wp. 
From Figure 58, the following observations can be made: 

 For small values of kWS, the resulting curve is very similar to that of the I-Controller with 
decoupling and 3p notch filter. The H∞ control design, however, does not provide the 
maximum load reduction that can be achieved with the I-Controller.  

 By increasing the low frequency gain kWS, for lower maximum pitch speeds, higher 
reductions in DEL can be gained as compared to the I-Controller. The H∞ control design, 
thus, achieves better load reduction if the maximum pitch speed is limited to values 
smaller than 3.5 times the reference value for collective pitch operation. In Figure 59 it 
can be seen that the robustness in terms of NCF-Margin is comparable to the I-controller 
with decoupling matrix and 3p notch-filter. 

 Close to the maximum bandwidth, the free weighting function parameters form a useful 
parameterization of control design, as stated in Table 12: An increase in parameter kWS 
will decrease the actuator utilization while an increase in fWS will increase the DEL 
reduction. 

As candidates for the desired controller, for a number of values of kWS, the controllers with 
maximum achievable bandwidth fWS for  < 1 have to be determined. The appropriate controller 
can then be decided depending on the given limitation of maximum pitch speed. 
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Figure 56:  Augmented model scheme for the mixed sensitivity H∞-control design of the Individual Pitch Controller 

 

 

Table 12: Free weighting function parameters for the Individual Pitch Controller 

Control Objective Weighting Function Parameter 

Load Reduction Mfl,1 fWS 

Actuator Utilization / Max Pitch Speed kWS 
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Figure 57: Singular value plots (blue) and inverse weighting functions (black dashed) for the mixed sensitivity H∞ 
control design, top: sensitivity function S(); middle: complementary sensitivity function T(), bottom: control 
sensitivity function K()S() 
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Figure 58: Fatigue load reduction DEL Mfl,1 (Dirlik Estimation) vs. maximum pitch speed (Rice Estimation); for I 
controller with decoupling and notch filter (red), mixed sensitivity H∞ control design (green) and mixed H2 / H∞ 
control design (blue) 

 

 

Figure 59: Fatigue load reduction DEL Mfl,1 (Dirlik Estimation) vs.NCF margin; for I controller with decoupling and 
notch filter (red), mixed sensitivity H∞ control design (green) and mixed H2 / H∞ control design (blue) 
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4.6.7 Mixed H2/ H∞ control 

Finally, a mixed H2/H∞ control design was applied to the Individual Pitch Control problem. The 
motivation again was to reduce the number of free parameters in the control design, as the H2 
criterion can be expected to introduce a trade-off between disturbance rejection at lower 
frequencies and the amplification around bandwidth frequency without further weighting 
function.  

In Figure 60 it can be seen, that there is a close relation between the H2 norm of the closed loop 
system, multiplied with the wind disturbance filter Dwind(), and the fatigue damage. The H2 
norm criterion was thus applied to the flapwise blade bending moment outputs Ms, Mc in 
Multiblade coordinates. Pitch activity was still evaluated by a H∞-Norm criterion because a 
frequency dependent upper bound on the transfer functions is advantageous for describing the 
actuator limits. In order to avoid interactions with edgewise oscillations, an additional notch 
filter at 1.28 Hz was included in the weighting function Wp. 

For this mixed H2/H∞ setup, still, two free parameters must be chosen: 

(1) the gain of the pitch angle weighting function, which effectively determines the actuator 

usage of the control design,   

(2) the relative weighting  between H∞ and H2 norm minimization, analogous to equation 

(75) with  = 1-. 

Regarding the weighting factor , Figure 61 and Figure 62 suggest there is only little influence 
on the performance and robustness of the resulting controllers. The curves in these figures each 

show a number of controllers that have been calculated for one specific value of  and varying 
values of parameter kWP. Based on the curves in Figure 62, a value of  = 0.01 was finally chosen 
to keep the influence of the H∞ criterion sufficiently high.  

With this setting, there is only one free kWP parameter left in the control design, which 
effectively defines the maximum pitch speed and actuator utilization. In Figure 58 and Figure 59, 
the resulting controllers are shown as blue lines and compared to the classical I-controllers with 
decoupling matrix and 3p-notch, and to the H∞-controllers from section 4.6.6. It can be 
concluded: 

 For a given maximum pitch speed, the mixed H2/H∞ controller achieves a load reduction 
in terms of the DEL of Mfl,1, which is higher than that of the classical I-control-design and 
close to the maximum values that can be achieved with the H∞ control design. 

 The robustness in terms of NCF-margin is comparable to both of the other control 
designs. 

 From the practical point of view, the H2/H∞ control design is easier to handle, because 
only one parameter needs to be adjusted. Computation of each individual 
H2/H∞-controller, however, takes much longer time as compared to a H∞-controller. 

Note that the set of calculated H2/H∞-controller provides a very useful trade-off between load 
reduction and pitch speed limitation, as compared to the other control designs. This control 
design might therefore be particularly suitable to implement an on-line controller scheduling / 
calculation scheme, to adjust the individual pitch activity to different inflow or turbulence 
conditions. 
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Figure 60:  Relation between the H2 norm of the closed loop system, multiplied with the disturbance model D(), and 
the reduction in DEL for different control designs:  I-controller with decoupling matrix and 3p notch filter (red), H∞ 

mixed sensitivity  control design (green) and mixed H2/H∞ control design (blue) 

 

 

Figure 61:  Mixed H2/H∞ control design; relative DEL reduction in flapwise blade root bending moment blade 1 vs. 
pitch activity increase wrt. collective pitch control for different values of weighting factor   
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Figure 62: Mixed H2/H∞ control design; relative DEL reduction in flapwise blade root bending moment blade 1 vs. 
NCF margin for different values of weighting factor  

A certain disadvantage of the H2/H∞-controller, besides the comparably long calculation time, is 
the high order. In the present case, controllers of order 26 have been calculated. For this reason, 
a subsequent order reduction using a modal approach was carried out. It was found that the 
removal of high frequency poles is possible for the controllers with sufficiently large values of 
NCF-margin. The feasible reduction in controller order depends on the desired bandwidth of the 
closed loop. For the two rightmost H2/H∞-controllers in Figure 58, which achieve the highest 
bandwidth and the highest load reductions, an order reduction down to 16 state variables was 
possible. For all the other controllers, an even higher order reduction down to 6 state variables 
could be done, without inacceptable degradation in performance. 

4.6.8 Verification with nonlinear simulations 

To validate the results presented in the previous sections, nonlinear simulations have been 
carried out for two control designs:  

 the classical I-control design with decoupling matrix and 3p notch-filter, 
 the mixed H2/H∞ control design with subsequent order reduction.  

Again, the nonlinear simulations have been carried out for a single turbulent wind field with 
600 s duration as specified in section 4.6.4. The nonlinear simulation results were compared to 
the linear model predictions as explained in the previous sections. 

For each considered control design, 10 different controllers have been calculated, with different 
degrees of load reduction and actuator utilization. The values for DEL reductions and maximum 
pitch speed, as well as the increase in pitch activity with respect to collective pitch control, are 
shown in Figure 63, for the I-controllers, and in Figure 64, for the mixed H2/H∞ controllers. It can 
be seen that, for both types of controllers, the DEL reductions are over-estimated by the linear 
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model approach, especially for controllers with lower pitch activity. Particularly for the I-
controllers, in Figure 63, the values for pitch activity are under-estimated by the linear model 
approach for controllers with lower load reduction. 

In Figure 65 and Figure 66, the fatigue and extreme load reductions are plotted over the pitch 
activity. Again, the results for linear model predictions and nonlinear simulation results are 
compared. It can be seen that, especially for the I-controller, the curves are quite different due 
to the inaccuracies in estimating the pitch activity.  

 

 

 

Figure 63: I-controller with decoupling and 3p notch filter; comparison of linear model predictions with nonlinear 
simulation results, top: reduction in DEL for blade 1 flapwise bending moment, middle: maximum pitch speed relative 
to collective pitch control operation, bottom: pitch activity increase relative to collective pitch control operation 
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However the maximum load reductions and the belonging pitch activities are met well by the 
linear model estimations. Additionally, the following qualitative findings can be confirmed in 
nonlinear simulations: 

 For the optimal tuning point, the I-controller achieves very similar load reductions as the 
mixed H2/H∞-controller. 

 The mixed H2/H∞-controller, however, can achieve considerably higher load reductions 
both at lower and higher actuator utilization. 

In general, the linear model predictions seem to be more accurate for the mixed 
H2/H∞-controllers as compared to the I-controllers. 

 

 

Figure 64: Mixed H2/H∞ controller; comparison of linear model predictions with nonlinear simulation results, top: 
reduction in DEL for blade 1 flapwise bending moment, middle: maximum pitch speed relative to collective pitch 
control operation, bottom: pitch activity increase relative to collective pitch control operation 
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Figure 65:  Comparison of linear model predictions (top) and nonlinear simulation results (bottom) for fatigue load 
DEL Mfl,1 reduction over pitch activity increase; blue: I-controller with decoupling matrix and 3p notch filter; red: mixed 
H2/H∞- controller 
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Figure 66: Comparison of linear model predictions (top) and nonlinear simulation results (bottom) for max |Ms| 
reduction over pitch activity increase; blue: I-controller with decoupling matrix and 3p notch filter; red: mixed H2/H∞- 
controller 
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4.6.9 Summary Individual Pitch Control 

For the presented investigations on IPC control design, the following summary can be given: 

 The approach of multivariable control design combined with a higher level parameter 
tuning process was successfully applied to the design of an Individual Pitch Controller 
and compared with a classical I-control design. The relation between achievable load 
reductions and actuator utilization was of special concern for this design study. 

 In general, the classical I-controller with static decoupling matrix and 3p-notch filter 
achieves good performance and robustness values for a specific optimal tuning point 
with defined actuator utilization. This optimum tuning point can be predicted well by the 
linear model based estimations. 

 The multivariable control design approaches, however, can achieve better load 
reductions for lower values of admissible pitch activity or pitch speed. If desired, also a 
higher bandwidth of the sensitivity function can be achieved. A classical mixed sensitivity 
H∞ control design and a mixed H2/H∞ control design have been investigated. For the 
considered case, the mixed H2/H∞ control design seems to be most suitable, as it has 
effectively only one free parameter for adjusting the actuator utilization. 

 For IPC control design, the linear model predictions for load reductions are not as 
accurate as for the collective pitch control design, discussed in section 4.5. The reason 
for that might be the assumption of constant rotor speed, which is required for the 
transformation of power spectra from the fixed to the rotating frame of reference. In the 
nonlinear simulations, the rotor speed is not constant. Still, the Dirlik and Rice 
estimations have been found to provide useful estimations for efficient controller tuning.  
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5  Evaluation of Pitch System Loading for Load Reducing Control 

In this chapter it will be worked out, how the rating of the pitch system is influenced by load 
reducing control. As example, IPC 1p will be considered with different limitations on the 
individual pitch amplitude. A conventional pitch system with electrical motor and planetary 
gearbox, as shown in Figure 67, is assumed. First the components of the pitch torque seen by 
pitch motor and pitch gearbox will be discussed in detail. Afterwards the implications of IPC 1p 
for pitch motor rating, gearbox and bearing fatigue loading will be analyzed. 

Parts of the work presented in this chapter have been published before in[14], [121]. 

 

Figure 67: Drawing of a typical pitch drive including electrical motor, planetary gearbox and pinion; reproduced with 
friendly permission of Bonfiglioli Riduttori S.p.A 

 

5.1 Components of the pitch torque seen by pitch motor and pitch 
gearbox 

5.1.1 Inertial component 

The torque component required for accelerating the inertias of the pitch drive train and the 
blade is referred to as inertial torque. With respect to the airgap torque of the motor, the inertial 
torque component is: 
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 - pitch angle [rad] 

JBlade - Blade inertia around pitch axis [kg m2] 

JMotor - Motor inertia [kg m2] 

iPitchGear - transmission ratio between motor angle and pitch angle 

 

It should be noted that – due to the high transmission ratio between pitch motor and blade 
pitch angle - the motor itself may dominate the overall inertia. During acceleration, the torque 
transferred by the pitch gearbox may thus be considerably different from the airgap torque of 
the pitch motor. 

The inertia of the blade with respect to the pitch axis is changing dependent on blade 
deflection. For straight blades the inertia increases with increasing rotor thrust, however, for pre-
bent blades the relation can be different. The change in blade inertia, anyway, may be small 
because most of the blade mass is concentrated near to the blade root where the deflections are 
small. 

5.1.2 Blade bearing friction moment 

For multi-MW size wind turbines, the blade bearing friction is considered as the most important 
component of the load torque seen by the pitch motor. The friction torque is always acting 
against the direction of pitch speed. For this reason, the load torque for the pitch motor is highly 
nonlinear and puts some challenges to the proper design of the speed and position control loop 
for pitch actuation. 

 According to [122] the rotational resistance of the pitch bearing is essentially determined by: 

 the rolling resistance of the rolling elements, 
 the internal clearance or bearing preload, 

 the friction of the spacers or the cage or cage segments that separate the rolling 
elements, 

 the seals. 

The rotational resistance is also influenced by a large number of other parameters. These 
include: 

 the preload and lubrication of the seals, 
 the quantity of grease in the bearing, 

 the manufacturing tolerances, 

 the change in the internal clearance due to fitting, 

 the deformation of the adjacent construction.  

Because of the complex dependencies, values for bearing friction torque can only be estimated 
with considerable uncertainty. Most bearing manufacturers give an approximate formula, 
describing the dependence of the friction moment on the radial and axial bearing forces, and 
the overturning moments exerted by the blade on the bearing. This formula is often referred to 
as Rothe Erde Formula and has the following form [122], [123]: 
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Mb - blade bearing overturning moment [Nm] 

Fxy - blade bearing radial force [N] 

Fz - blade bearing axial force [N] 

Dm  - rolling element circle diameter [m] 

µ - frictional resistance parameter [-] 

k  - load distribution factor [-] 

fL - raceway factor [-] 

WR - specific friction force due to seals, cages, preload… [-] 

 

Some values for the friction parameters for different bearing types have been stated in [122] as 
given in Table 13. However, to the knowledge of the author, the values for WR tend to be much 
larger for pitch bearings in wind turbines, because they are normally pre-loaded to avoid false 
brinelling, see section 5.4. The last row gives the values that have been assumed for the 5 MW 
turbine for the following estimations. A bearing diameter of 3.3 m was assumed. 

 

Table 13: Friction Parameters for different bearing types [122] and assumed values for the 5 MW turbine (DM = 3.3 m) 

Bearing type µ k fL WR 

Four point contact 

bearings 

0.005 ..0.01 4.37 1.73 0.21 

Crossed roller 

bearings 

0.004 4.08 1 (1-0.44DM)/1000 

Assumed values 0.008 4.4 1.73 2.4 

 

In Figure 68, the dependence of the different components of the blade bearing friction torque 
on mean wind speed is shown for a 5 MW rated turbine. M0 here is the constant component 
that does not depend on the bearing loading. It can be seen, that the component related to the 
overturning moment clearly dominates the overall friction torque. For classical collective pitch 
operation, the pitch motor rated torque from thermal constraints can be considerably smaller 
than the overall peak value of the friction torque, because in the region of rated wind speed, 
where the maximum friction torque occurs, the pitch is not continuously active, compare Figure 
70. It must be kept in mind, however, that equation (94) is given as a conservative worst case 
estimation by the bearing manufacturers. In reality, the friction torques might be considerably 
smaller, especially at begin of the bearing life time. Another aspect is the flexibility of the rotor 
hub. If the bearing support structures, i.e. hub and blade root, are too flexible, the bearing 
deformation can result in considerably different friction torques than specified by the bearing 
manufacturer. 
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In measurements it was found, that the friction moment at zero pitch speed is very small i.e. 
there is normally no considerable break-away torque. This means that even at constant pitch, if 
no pitch brake is applied, the pitch motor has to carry all pitch moments created by the rotor 
blade. 

5.1.3 Blade moment due to gravitational and aerodynamic forces 

The rotor blade creates a moment around the pitch axis due to the gravitational and 
aerodynamic forces distributed over the circumference of each blade section. In the stationary 
case, this moment can be described well in the form  

                    (         )          (95) 

Where M1p and M0 depend on the operating point of the wind turbine rotor.  

The cyclic component with frequency 1p is created mainly by gravitational forces. Two 
components in M1p can be distinguished: 

1. a component created by the mass distribution of the blade with respect to the pitch axis in 
undeformed state M1p,grav,profile: This component is normally small, if the pitch angle is close to 
0° and increases with increasing pitch angle. 

2. a component dependent on blade deformation M1p,grav,bend: This component results from the 
change in distance of the blade section’s center of gravity from the pitch axis with increasing 
(flapwise) blade bending. For straight blades, this distance normally increases with increasing 
thrust force on the rotor. However, for pre-bent blades, the relation can be different. 

If the torsional stiffness of the blade and the pitch drive train is neglected, the gravitational 
component of the blade pitch torque is proportional to the sinus of the blade azimuth angle 
(this angle is defined zero if blade is pointing upwards). Due to the blade torsional stiffness some 
phase lag can occur in the order of 20..30 degrees, with respect to the rotor angle. 

The aerodynamic forces will create a pitching moment that is constant in the stationary case. 
Again, two components in M0,aero can be distinguished: 

1. a component created by the blade in undeformed state M0,aero,profile: For a given blade 
section, the overall aerodynamic force normally does not apply at the pitch axis. 
Furthermore, for different operating points of the blade, the absolute value, the direction, 
and the application point of the aerodynamic force acting on the blade section varies. This 
results in an aerodynamic torque around the pitch axis, which also varies depending on the 
operating point of the wind turbine. 

2. a component dependent on blade deformation M0,aero,bend: If the blade is deformed in 
flapwise direction, the tangential aerodynamic forces will create a moment around the pitch 
axis. 

The share of the different components depending on the mean wind speed for a 5 MW rated 
wind turbine is given in Figure 69. For this turbine, the magnitude of M0 is always larger than 
the amplitude M1p. In the partial-load region, thus, no torque reversals will occur.  
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Figure 68: Components of blade bearing friction torque depending on the different blade root load components. All 
values are normalized to the pitch motor rated torque. 

 

Figure 69: Components of blade moment around pitch axis depending on the mean wind speed for a 5 MW Wind 
Turbine. top: 1p components related to gravity forces; bottom: constant components resulting from aerodynamic 
forces; all values are normalized to the pitch motor rated torque. 
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5.2 Pitch motor rating for Collective Pitch and Individual Pitch Control  

5.2.1 Pitch motor thermal rating 

As metric for the thermal rating of the pitch motor, the RMS-value over 600s time series of the 
pitch motor torque has been calculated,  

 depending on the mean wind speed,  

 for Collective Pitch Control (CPC) and IPC 1p with different individual pitch offset 
amplitudes. 

The results are shown in Figure 70. In order to get a conservative estimation independent on a 
certain IPC controller, sinusoidal individual pitch offsets of constant amplitude 2° and 5° have 
been added to the collective pitch motion required for speed control under turbulent wind 
conditions. Different phase angles of the individual pitch offset have been applied and the worst 
case was selected. The friction torque was calculated according to equation (94), the stationary 
value is shown as black line in the figures. 

From the figures, the following conclusions can be drawn: 

 The thermal pitch drive rating is clearly dominated by the friction component. If values 
according to equation (94) are used, bearing friction accounts for more than 80% of the 
pitch motor rated torque in the CPC case, and for approximately 75% in the IPC cases. 

 For CPC the maximum thermal requirements for the pitch motor will occur slightly above 
rated wind speed because the friction component is depending on the pitch activity. For 
Individual Pitch Control, however, the maximum RMS(600s) pitch motor torque will occur 
exactly at rated wind speed where the blade bearing friction torque has it’s maximum. 

 For Individual Pitch Control, the thermal motor rating must be increased by a factor of 
approximately 1.5 as compared to CPC. However, there is only a small dependency of the 
required rated torque on the amplitude of the individual pitch offsets. This can be explained 
by the fact that the friction component does not depend on the pitch speed. The motor 
inertia, which is highly dependent on the individual pitch amplitude, is clearly not important 
for the motor thermal rating. 

5.2.2 Pitch motor maximum torque 

From the preceding discussion of the different components of the pitch torque, it becomes clear 
that the absolute maximum motor torque will not be much different for Collective and 
Individual Pitch Control. This is because gravitational, aerodynamic and friction components will 
have the same maximum values for both control concepts, as confirmed by Figure 71. The 
difference results from the inertial component i.e. the torque component required for 
acceleration of the pitch motor. 

For the results in Figure 71, it was assumed that no pitch acceleration limit is given. An individual 
pitch offset of constant amplitude 2° or 5° has been added to the collective pitch motion 
required for speed control under turbulent wind conditions. Different phase angles of the 
individual pitch offset have been applied and the worst case was selected. 



 
5  Evaluation of Pitch System Loading for Load Reducing Control 

 

 

M.Shan  Load Reducing Control for Wind Turbines 

 

   121  

 

  

Figure 70: RMS(600s) pitch motor torque for CPC and IPC 1p with different amplitudes depending on the mean wind 
speed and compared to the friction component. All values are normalized to the maximum value of the RMS(600s) 
pitch motor torque for CPC. 

 

Figure 71: Maximum pitch motor torque for CPC and IPC 1p with different amplitudes depending on the mean wind 
speed and compared to the RMS(600s) values for thermal rating. All values are normalized to the maximum value of 
the RMS(600s) pitch motor torque for CPC. 
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The difference in maximum pitch torque will disappear, if the pitch acceleration is limited. As 
long as only moderate collective pitch movements are required, it can be assumed that the pitch 
acceleration for individual pitch is within the limits of a conventional pitch drive designed for 
CPC. If fast collective pitch action is required however, for instance in the case of sudden wind 
gusts, the sum of required accelerations for collective pitch and individual pitch might be higher 
than the acceleration limit. In this case, the individual pitch action could be reduced, however, in 
order to avoid oversizing of the pitch drive. 

In order to share the available pitch speed and pitch acceleration limits correctly between CPC 
and IPC, the dependencies between the limits have to be implemented within the controller 
structure and priorities have to be given to the different components. 

5.2.3 Pitch drive power consumption / dissipation 

The mean and maximum values of power consumption / dissipation have been estimated for 
different mean wind speeds. The values for consumption and dissipation of power have been 
calculated distinctly, because the different values are relevant for sizing of different components. 
In case of motor operation, the energy is taken from the grid via the rectifier. In generator 
operation, the energy has to be dissipated in brake choppers connected to the dc-link. 

Another point is the bearing friction. For motor operation, larger values of friction torque will 
give more conservative results in terms of pitch drive rating. In this case it makes sense to apply 
the worst case estimation of the friction torque according to equation (94). For dimensioning 
the resistors of the brake choppers, however, the friction torque given by the Rothe Erde 
Formula does not represent the worst case. To be on the safe side, a blade bearing friction 
torque of 20% of the values according to equation (94) has been assumed here. 

The results are shown in Figure 72. Positive values mean power consumption. As before, for 
conservative results, a constant amplitude in individual pitch offsets was assumed. From the 
figures the following conclusions can be drawn: 

 The mean power consumption is small as compared to the maximum values for both 
CPC and IPC. 

 The maximum power consumption and power dissipation increases significantly for 
IPC as compared to CPC. Both power consumption and power dissipation depend 
strongly on the amplitude of IPC. 
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Figure 72: Maximum and mean values of power consumption (+) and power dissipation (-) for CPC and IPC 1p with 
different amplitudes depending on the mean wind speed.  The values are normalized to the maximum value of mean 
power consumption for CPC. 
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5.3 Pitch gear fatigue estimation  

5.3.1 Fatigue damage calculation based on ISO 6336 

In this section the estimation of fatigue damage for the pitch gears is considered, which may be 
significantly influenced by load reducing control. According to the standard ISO 6336, for any 
kind of gears, two kinds of fatigue mechanisms must be considered:  

 Fatigue due to contact stress acting on the tooth surface, leading to pitting,   
 Fatigue due to tooth root bending that will lead to fracture of individual teeth. 

The details of fatigue damage calculation based on the standard are summarized in more detail 
in Appendix A. In accordance with the basic concepts described in section 3.2.2, the fatigue 

damage contribution of a number ni of stress cycles with amplitude i is given by: 
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for pitting and , similarly, by  
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for tooth root bending, where pH/pF  are the relevant Wöhler-coefficients. The way of 
determining the Wöhler-exponents pH/pF, the reference cycles NHlim/NFlim, and the infinite life 
stress levels HPref/FPref is defined in the standard, see Appendix A. Stress cycles with  

Hi < HPref and Fi < FPref  are not taken into the fatigue estimation, since infinite life is 
assumed. 

In both cases, the total fatigue damage can then be calculated according to the Palmgren-Miner 
rule: 

   ∑  
 

 (98) 

It is assumed that the gears will survive the specified life time without damage, if D < 1. For 
pitting, the limit is sometimes chosen larger than one, as some defects in the tooth surface may 
be admissible during operation. 

Since the fatigue damage is proportional to the number of load or stress cycles ni , it is inversely 
proportional to the life time of the pitch gears. The proper counting of load cycles, however, is 
essential and will be discussed in the following sections. 

5.3.2 Counting the load cycles 

5.3.2.1 Over-rolling frequencies in planetary gearbox stages 

In order to calculate the load cycles for all gears, the multipliers relating the number of output 
(or input) revolutions to the number of over-rolling events for the individual teeth must be 
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known. For planetary gears with fixed ring, these values can be calculated directly from the total 
gear ratio of the stage i and the number of planets Nplanet. 

For tooth root bending: 
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 (99) 

For pitting: 
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 (100) 

All multipliers given here relate the number of tooth load cycles to the number of revolutions of 
the carrier, i.e. the output rotation of the stage. For the planet the multiplier for pitting is half 
the multiplier for tooth root bending, because for two subsequent tooth bending cycles 
different flanges are loaded. For the fast stages, all values have to be multiplied by the total gear 
ratio of all slower stages. 

5.3.2.2 Method 1: Counting of load cycles using a LDD 

As input to the fatigue damage estimation, so called Load Duration Distributions (LDDs) are 
frequently used, that can be gained from time domain simulations of the operating wind 
turbine. 

For a given stage of the gearbox, the LDD is classifying the angular increments according to a 
predefined number of torque classes.  For every torque class all angular increments are summed 
up in order to give the total angle (or the number of revolutions). The principle is shown in 
Figure 73. The number of over-rolling events is calculated from the number of revolutions, using 
the multipliers given above. 

For tooth root bending, the absolute values of all angular increments in one torque class are 
summed up. For pitting, different counts are used for positive and negative gearbox torque. 

The advantage of the LDD approach is that a large number of time domain simulations can be 
easily compiled into compact very compact data. 

The disadvantage is, that load cycles are not counted correctly for torque reversal and standstill. 
The operation of a pitch gearbox is characterized by a high number of torque reversals and small 
rotations for the slow stages of the gearbox. In this case, a small number of teeth can be subject 
to a high number of load cycles that are not proportional to the rotation of the gearbox.  

Load cycles for the gear teeth occur not only due to rotation, but also in standstill of the 
gearbox due to torque reversals. Furthermore, for small rotations, the LDD method provides 
fractions of load cycles whereas, in reality, some teeth are loaded with full load cycles and others 
are not. 
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Figure 73: Principle of fatigue damage calculation based on LDD 

 

5.3.2.3 Method 2: Rainflow counting of load impulse time series using tooth functions 

A more detailed analysis is carried out by analyzing load time series for individual teeth of the 
gears. The principle is shown in Figure 74. In order to create load time series, as seen by the 
individual teeth, so called tooth functions are used. These tooth functions transform shaft angle 
time series of the gearbox into unit impulses for every over-rolling event of the considered gear. 
These unit impulse time series are multiplied with the torque time series in order to give the load 
impulses. These load time series for the individual teeth can be processed using a Rainflow 
counting algorithm in order to calculate damages for tooth root bending and pitting. The main 
advantage of the load impulse functions, as compared to the LDD approach, is that load cycles 
are counted correctly for torque reversal events and small cyclic movements of the gearbox. 

Since the position of the maximum damaged tooth is not evident, many load impulse functions 
are generated for small offsets in the input angle. In principle, every tooth would have to be 
considered with an own load impulse time series. If the number of teeth is not known, a 
sufficiently small angular offset can be chosen. Damage is calculated for every offset giving 
many load impulse functions for one gear under consideration. The maximum damage is used 
for further analysis. 

For sun and ring, a positive torque will result in positive load impulses for the teeth. For the 
planet however, two load impulses with opposite sign will arise subsequently. 

Positive and negative load cycles are counted separately. For tooth root bending positive and 
negative cycles are summed up for damage calculation. For pitting, damage is calculated 
separately for each sign since different tooth surfaces are subject to load forces. The maximum 
pitting damage is considered in the life time analysis. 

DPitting 

Dbend 
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Figure 74: Principle of calculating damage using tooth functions 

 

 

 

Figure 75: Tooth functions for different gears 
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5.3.3 Results and conclusions 

5.3.3.1 Comparison of LDDs for Collective and Individual Pitch Control 

Estimations for the influence of IPC on the LDD are shown in Figure 76 for the 5 MW rated 
turbine. Again, a constant amplitude of the IPC action is assumed as conservative estimation. 
IPC is activated over the entire operational range of the wind turbine, i.e. in the partial-load and 
full-load region. A negative torque will move the pitch angle towards 0°. 

The following observations can be stated: 

 For negative torques, higher magnitudes occur. This is because the gearbox torque has to 
counteract the aerodynamic torque that tends to move the blade towards 90° pitch.  

 The amplitude of IPC has a dramatic influence on the absolute angular motion of the pitch 
gear. 

5.3.3.2 Pitting fatigue damage for an IPC-Controller for full-load operation 

The two different methods for counting the load cycles have been applied to a specific pitch 
gear setup for comparison. The calculation was done in the frame of a complete load calculation 
for the wind turbine, according to IEC wind class IA for 20 years lifetime. A 3-stage planetary 
gear was assumed.  

In Figure 77 and Figure 78, exemplarily, the estimated pitting fatigue damage for different gears 
is plotted. The details of the pitting fatigue damage calculation are summarized in Table 14. In 
Figure 77 it can be seen that, for the sun gear of the fast input stage of the gearbox, there is not 
much difference between both methods. Because of the large transmission ratio, the sun 
undergoes a large number of rotations even for small cyclic pitch angle movements. The LDD 
approach therefore is a good approximation.   

A different picture can be seen in Figure 78. The output pinion of the gearbox experiences only 
small rotations and many torque / direction reversals. The LDD approach here underestimates 
the fatigue damage. The tooth function approach shows that some teeth of the pinion 
experience significantly higher fatigue loading than others. Clearly, the LDD approach is not 
conservative here. 

Table 14: Details of pitting fatigue calculation according to ISO 6336 

Property Unit Pinion of output stage Sun of input stage 

Reference Torque  [Nm] 50000 125 

Ratio to pitch angle - 10 1920 

Contact stress at reference torque  [N/mm2] 1570 1030 

Permissible stress for pitting HPref [N/mm2] 1460 1300 

Limit number of load cycles NHlim - 5e7 5e7 

Wöhler exponent - 13.3 13.3 
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Figure 76:  Influence of IPC on the LDD for the pitch gear for a 5 MW turbine 

 

 

Figure 77:  Distribution of  pitting fatigue damage over mean wind speed for the sun of the pitch gear fast stage, IPC 
active, calculated using the LDD approach (top) and the tooth function approach (bottom). For the tooth function 
approach, fatigue damage is given for every individual tooth, indicated by different colors. 
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Figure 78: Distribution of  pitting fatigue damage over mean wind speed for the output pinion of the pitch gear, IPC 
active, calculated using the LDD approach (top) and the tooth function approach (bottom). For the tooth function 
approach, fatigue damage is given for every individual tooth, indicated by different colors. 

 

5.4 Pitch bearing fatigue estimation 

The pitch bearing must be regarded as one of the most critical components for the application 
of load reducing pitch control. Depending on the chosen control strategy, the accumulated 
fatigue damage can increase several times. If a bearing is used that has been designed for 
conventional pitch control, the lifetime will decrease accordingly.  

The pitch bearing is a comparably expensive component of the pitch system. The price for 3 
pitch bearings for conventional control for different turbines can be estimated according to the 
NREL Design Cost Model [70]. In this study, the cost of pitch bearings was assumed to account 
for approximately 40%-50% of the total pitch system cost. 

A special characteristic of pitch bearings is the fact that they are in standstill for the main part of 
their life, if the turbine is operating in the partial-load region. Also in the full-load region, only 
small movements in the range of several degrees are applied. For that reasons, the classical 
design approach for roller bearings based on DIN ISO 281 is not applicable. This classical 
calculation approach assumes bearings that undergo a high number of revolutions.  

The application of load reducing pitch control, e.g. for Active Tower Damping and Individual 
Pitch Control, introduces additional small cyclic pitch movements with frequent direction 
changes. For these control strategies, a considerable fatigue damage increase for the pitch 
bearing must be expected due to several reasons: 
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 The application of load reducing pitch control introduces a higher total pitch movement, i.e. 
the sum of the absolute values of all pitch angle increments is much larger as for 
conventional pitch control, compare to section 5.3.3.1. That means a higher number of 
over-rolling events for a certain section of the pitch bearing raceway.  

 The small cyclic movements must be regarded as especially harmful to the bearing. Because 
of the small movements, the lubricant may be moved away from the contact points of 
rolling elements and raceways of the bearing. If there is no or insufficient lubrication, the 
danger of raceway damage due to False Brinelling or Fretting is present [124], [125]. These 
damage mechanisms are very difficult to cover in the calculations. Some manufacturers 
introduce maximum contact stress limits in order to prevent fretting corrosion.  

5.4.1 Fatigue mechanism 

Fatigue for roller bearings typically occurs for the raceways. The classical fatigue damage starts 
with cracks that are formed below the surface in the region of the maximum Hertz-pressure, 
parallel to the surface. The cracks then grow towards the surface. By crack unification, small 
pieces – so called pittings – are broken out of the surface. 

As relevant stress, normally, the orthogonal shear stress 0  is considered [126], [127], which has 
a maximum below the surface of the raceway see Figure 79.  

The probability for a damage occurring in the raceway is dependent on: 

 Number and range of stress cycles: For each stress cycle existing cracks are progressing 
further. The growth depends on the stress range. 

 Depth of the maximum shear stress: With increasing depth, the probability decreases that 
a crack will reach the surface.   

 Volume of the stressed material: Because cracks are distributed statistically, the probability 
of damage grows with increasing volume of stressed material. 

Because a pitch bearing is spending a large part of its lifetime in standstill, the question is raised 
how much the load cycles caused be external load changes in standstill contribute to raceway 
damage. For that, the following effects have to be considered: 

 Maximum shear stress amplitude: If a given point on the raceway is over-rolled by a 
roller with load Q, the shear stress changes from 0 to max(Q) to -max(Q) to 0, compare 
Figure 79. If a roller in standstill is loaded with a changing force with maximum value Q, 
the shear stress in the mostly loaded point changes from 0 to max(Q) to 0 again. Thus 
the stress range is only half of that occurring for the over-rolling event. Because of the 
high exponent that is assigned to the stress range in fatigue damage calculation, the 
damage for load cycles in standstill for the same roller load amplitude Q is considerably 
lower.  

 Stressed Volume: For a moving bearing, all points in the over-rolled raceway section 
undergo the maximum shear stress variation. In standstill, however, only small volumes 
of the raceway are stressed. The maximum shear stress variation only occurs for a few 
points in the material. Even for very small movements of the bearing, depending on the 
position of the bearing, different volumes may be loaded at different times.  
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a)         b) 

Figure 79:  a) Lines of equal equivalent stress V due to alternating shear stress for line contact , Source:  H. Schlicht, 
O. Zwirlein, and E. Schreiber, “Ermüdung bei Wälzlagern und deren Beeinflussung durch Werkstoffeigenschaften,” 
[128]; b) considered geometry: z- depth below surface, x - distance from contact midpoint, b – half of pressure width 

 

For the reasons stated, and as will be confirmed by approximate calculations in the following, 
the effect of classical raceway fatigue in standstill is very small. This is in accordance with the 
practice to neglect fatigue damage in the design of bearings that are operated in standstill or 
slow motion. Bearing design in this case is commonly based on the ultimate value of contact 
pressure for the raceways only [123]. 

In the following, three different ways for estimating the pitch bearing fatigue due to varying 
contact pressure on the raceways are discussed and compared to each other. 

A damage mechanism that is important for bearings in standstill, but cannot be covered by 
these calculations, is the False Brinelling mentioned already. By small movements of the rollers 
the lubricant can be removed from the contact zone. Afterwards, micro-welds between rollers 
and raceway can occurs which will lead to large local raceway damage. It is known from 
practice, that this effect can be considerably influenced by improved lubrication, the choice of 
the lubricant and a pre-loading of the bearing to avoid small movements. 

5.4.2 Method 1: rough estimation based on overturning moment 

A rough estimation for fatigue damage in roller bearings can be calculated according to  [6]: 

   ∑       
  (101) 

Here  p = 3 for spherical roller bearings. ni ist he number of rotations for a given overturning 
moment Mot,i. In this work, the calculation was carried out for all time steps i of a considered 
time series, while summing up the absolute values of angular increments for a class of 
overturning moments: 
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5.4.3 Method 2: direct estimation of distributed bearing raceway fatigue 

In method 2, the fatigue damage is estimated separately for small tangential sections  of the 
raceways of the bearing. The angular increment defining these sections, is chosen smaller 
than the distance of rollers in the bearing. The details of this calculation are given in Appendix B. 

The calculation is based on time series of pitch angle and flapwise / edgewise root bending 
moments of the blade attached to the bearing. In the time series, for each section of the 
raceway, the over-rolling events are detected. For each over-rolling, the incremental increase in 
fatigue damage is calculated depending on the actual roller force Q according to:  
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See Appendix B for details and derivation of this expression. r is the radius of the raceway. The 
exponents c = 10.33 and h = 2.33 are given by Lundberg and Palmgren [129]. The Weibull-slope 
e depends on whether a bearing with point or line contact is considered [126]. The factor k1 is 
not of importance, if fatigue damage should be compared between different time series. 

The fatigue damage for load cycles in standstill with extreme values Qmax , Qmin can be estimated 
separately based on equation (103) and 
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with k1 the same as in equation (104). Again, see Appendix B for the derivation of this 
approximation. For kb, the value of contact sphere vs. plane is used: 
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Here rK is the radius of the balls. The Young´s-Modulus E and Poisson´s ratio  are given by the 
considered ball material. 

Both fatigue components can be added for each considered bearing section according to the 
linear fatigue accumulation hypothesis. Finally, the fatigue damage for the individual sections is 
combined into an overall fatigue damage for the entire bearing according to: 

   eee +D+D=D
/1

21 ..:  (107) 

which is also explained in Appendix B. 



 
5  Evaluation of Pitch System Loading for Load Reducing Control 

 

 

134   M.Shan  Load Reducing Control for Wind Turbines 

 

 

5.4.4 Method 3: fatigue estimation for cyclic movements 

As third approach, the method specified in the NREL Wind Turbine Design Guideline [125] is 
considered. This approach for fatigue life calculation is especially intended for bearings that 
undergo small cyclic movements.  

According to this guideline, the number of admissible movement cycles is dependent on the 

equivalent bearing load and the amplitude of the movement cycles  according to: 
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The dynamic axial load rating Ca,osc  of the bearing is chosen differently depending on whether or 
not the cyclic angular movement exceeds a critical value. The critical angle is the movement 
where the over-rolled areas of two neighboring rollers overlap. For bearings with large diameter 
relative to the ball diameter it holds: 
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where Z  is the number of rollers in one row of the bearing. The dynamic axial load rating is 
then given dependent on the basic axial load rating Ca with 
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for   > crit, or 
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for  < crit. 

If cyclic pitch movements with different amplitude and equivalent bearing load occur, for 
damage accumulation again the Palmgren-Miner rule can be applied: 
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Finally, the individual movement cycles have to be determined from the time series of pitch 
angle and bearing load. This step is not described in the guideline. In the present work, for that, 
a Rainflow algorithm was applied to the time series of pitch angle movement. As result, a 

number of angular movement cycles is determined, for each class of amplitude i. To get the 
load information, for each movement cycle, the start time ti and the period Ti is recorded. Over 
this time period, the equivalent load is calculated according to the cubic mean value of the 
overturning moment: 
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5.4.5 Results and conclusions 

The three described methods for estimating the fatigue damage of the pitch bearing have been 
compared to each other for the pitch bearing of a 5 MW turbine, based on time series from a 
load calculation over the entire lifetime of 20 years. For the load calculation, the turbulence 
distribution according to IEC wind class IA was assumed. A two row, 4-point contact bearing 
with diameter of 3.3 m was assumed. The fatigue damage calculation was done for Active 
Tower Damping and Individual Pitch Control in comparison to the baseline collective pitch 
controller. 

In Figure 80 the estimated change in pitch bearing fatigue damage for application of Active 
Tower Damping control is shown. Here, the damping controller was activated in both partial-
load and full-load operating range of the wind turbine. For the pitch bearing, a considerable 
increase in fatigue damage in the order of 60 .. 80% as compared to CPC is predicted. Method 
2, which is considered as most accurate, predicts the largest increase in fatigue damage. 
However, for all estimation methods, the predicted increase is in the same order of magnitude. 

In Figure 81 the estimated change in pitch bearing fatigue damage for application of a basic IPC 
1p controller is shown. Also IPC operation in this case was restricted to the full-load operating 
range of the wind turbine. The pitch offset amplitude was limited to 2 deg. A fatigue damage 
increase in the order of 2.5 is predicted. Again, method 2 estimates the highest increase in 
fatigue but the values of the other methods are close. For higher pitch offset amplitudes or if 
the IPC controller should be activated in the partial-load region as well, even higher increases 
must be expected. 

From the comparison, it can be concluded that all of the methods are useful to predict the 
fatigue damage increase. Method 2, however, is considered to be most accurate and provides 
additional information on the fatigue damage distribution over the bearing and on the fatigue 
damage resulting from standstill. In Figure 82 it can be seen, however, that load cycles from 
standstill contribute only marginally to the overall fatigue damage. 

The increase in total pitch movement for application of load reducing pitch controllers, in any 
case, requires a pitch bearing with increased fatigue load capability. Traditionally, 4-point 
contact ball bearings with one or two rows are applied for pitch bearings in wind turbines. A 
higher fatigue load capability can be achieved by decreasing the contact pressure in one of the 
following ways, compare Figure 83: 

  

 by increasing the size of the rolling elements, thereby increasing the contact area,  

 by increasing the number of rolling elements, possibly by introducing a higher number of 
rows,  

 by application of bearings with cylindrical rolling elements (line contact) instead of ball 
bearings (point contact).  
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Figure 80:  Increase in pitch bearing fatigue damage for Active Tower Damping Control activated over the full (partial-
load + full-load) operating range. Comparison of 3 different methods for estimating fatigue damage. 

 

 

 

Figure 81: Increase in pitch bearing fatigue damage for Individual Pitch Control activated in the full-load operating 
range, comparison of 3 different methods for estimating fatigue damage. 
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Figure 82:  Comparison of pitch bearing fatigue damage with and without standstill load cycles for baseline CPC and 
IPC (estimation with method 2). 

 

 

Figure 83: Static and dynamic overturning moment capability for different slewing bearings types. The bearing data 
was taken from [123], [130]. 
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In Table 15, the advantages and disadvantages of different slewing bearing types, that can be 
considered for pitch bearings, have been summarized. The information is mainly based on the 
overview on large bearings given by Rotek in [131]. 

To solve the problems related to small pitch angle movements, a close collaboration between 
the bearing manufacturer, pitch system supplier and the turbine manufacturer is required: 

 Very small pitch angle oscillations should be avoided. This suggests some kind of dead-band 
in the controller structure that suppresses small movements. The Active Tower Damping or 
IPC controller might only be activated in certain load intensive situations. 

 Good lubrication must be assured even in the situation of small pitch angle movements. This 
may be achieved by installing a suitable distribution system for the lubricant or by forcing 
larger pitch angle movements from time to time. The choice of a suitable lubricant is of very 
high importance. 

 
Table 15: Advantages and disadvantages of different slewing bearing types, summary based on [131]. 

Bearing 

type 

Static 

thrust and 

moment 

capability 

Dynamic 

thrust and 

moment 

capability 

Friction Bearing 

stiffness 

Tolerance against 

deformation of 

mounting structure 

4-point 

contact 

+ - - - + 

cross roll - + + + - 

3-row 

roller 

++ ++ + ++ -- 
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6  Summary and Conclusions 

Finally, in this section, the main findings of this work are summarized and the conclusions are 
drawn. 

6.1 Influence of Load Reducing Control on component rating and Cost of 
Energy 

In order to provide benefits to a wind turbine operator, the load reductions achieved by means 
of control must be related to reductions in the Levelized Cost of Energy (LCOE). For a reduction 
in LCOE, three strategies are possible:  

• A reduction in overall investment costs by reducing the cost of structural components of 
the turbine,  

• An increase in operational lifetime of the turbine, by reducing the accumulation rate of 
fatigue damage, 

• An increase in the annual energy production, e.g. by increasing the rotor diameter. 

The relation between design loads and costs of structural components depends on the design 
concept of a certain wind turbine and is typically confidential information, not disclosed by the 
turbine manufacturers or component suppliers. Although it is difficult to get a detailed overview 
on wind turbine component cost and rating from public literature, it is possible to make some 
general statements: 

• Load reducing control is not equally beneficial for all wind turbine designs. As a general 
trend, the rating of major mechanical components for high wind speed turbines tends to 
be extreme load driven while load reducing control is mainly effective in fatigue load 
reduction. For turbines, that are designed for low maximum wind speed and high 
turbulence, the reduction of fatigue loads for tower and rotor blades by means of 
control is interesting. 

• In the case that design driving loads can be considerably reduced by means of pitch 
control, the effects on pitch actuator loads and cost have to be analyzed carefully. Even 
moderate increases in cost of the pitch system (or other components of the control 
system) are in the order of magnitude of achievable cost reductions for tower and 
blades.  

• The strategies to increase operational lifetime or rotor diameter of the wind turbine may 
be more effective in order to reduce the LCOE, as compared to a mass and cost 
reduction of tower and blades.   

As a general conclusion, the application of load reducing control systems will only be effective if 
they are carefully optimized, taking into account the effects on the pitch actuation system. 

6.2 Controller design and controller optimization 

In the frame of this work, an efficient and pragmatic approach for design and optimization of 
load reducing controllers for wind turbines was described.  

Firstly, it was shown that wind turbine controllers, for operating points in the full-load region, 
can be evaluated in a very efficient way based on linear models and the power spectral density 
(PSD) of the output signals. Common control objectives, as fatigue loads for tower and blades 
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and the maximum expected value of rotor speed deviations, can be evaluated in the frequency 
domain, based on the PSD of the considered signals. If the wind turbine behavior can be 
approximated by linear models, these PSDs can be calculated without the need for 
comprehensive time domain simulations. The problem of including the np periodic components 
due to tower shadow and spatially distributed turbulence, which are important for evaluating 
the loading of tower and blades, was solved by combining the linear models with a CPSD matrix 
of the output disturbances. This CPSD matrix, for a certain operating point and turbulence 
situation, can be derived from measurements or nonlinear simulations prior to the control design 
/ optimization. Although the disturbances, from the physical point of view, in general do not 
apply at the model outputs, a shift to the model outputs was found to be possible thanks to the 
linear behavior of the turbine in the vicinity of the considered operating points in the full-load 
operational region. In this case, the processes actually creating these disturbance components in 
the output signals have not to be modelled in detail.  

Secondly, a number of multiple-input-multiple-output (MIMO) control design approaches, based 
on H∞ or H2 norm minimization, have been investigated. These approaches are readily 
compatible to the frequency domain specification of the external disturbances. It was shown 
that the primary use of multivariable control design approaches is not to find an optimum 
controller, but to assure the closed loop stability and to handle the couplings between different 
control loops. By introducing suitable parametric weighting functions, higher level control design 
parameters can be introduced, having a more direct relation to performance and robustness 
properties than parameters of classical controller structures. By performing the control design 
based on these higher level parameters, the design space can be made transparent to the 
control engineer and the borders of the feasible design region can be easily determined. The 
actual H∞/H2 controller calculations were thus considered to be embedded in a higher level 
controller tuning, in order to decide on an appropriate controller finally. 

Exemplarily, the hierarchical control design / controller tuning approach according to Figure 3 
has been demonstrated for two different types of load reducing pitch controllers: (1) a 
combined Rotor Speed / Active Tower Damping controller and (2) an Individual Pitch Controller. 
For each of these controllers, different design approaches have been investigated. It was shown 
that the H∞ norm minimization is useful to shape the closed loop transfer functions according to 
given weighting functions, thereby damping resonant peaks and achieving a limitation of the 
actuator bandwidth. Furthermore, robustness requirements to unstructured uncertainty in 
defined frequency bands can be included into the control design.  

The H2 norm was shown to be useful to include the objective of fatigue load minimization 
directly into the control design. Although it provided better performance properties in this study, 
the mixed H2/H∞ controller calculation was found less suitable for the higher level controller 
tuning approach, because of the long computation times for each single controller. 

Another aspect, adressed in this work, is the high order of the controllers resulting from the 
multivariable H2/H∞ controller calculation. In general, the controller order depends on the order 
of the design models. Reduced order models, including only the relevant dynamics, should thus 
be used. Furthermore, a resulting controller, in many cases, can be reduced by applying linear 
model reduction techniques. To answer the questions, what the relevant dynamics are in a 
specific case, and how much the design model and the controller can be reduced, some 
iterations are typically required.  

As an alternative, tools for fixed structure control design have been introduced recently, 
allowing to find the free parameters of a given controller structure based on H∞ norm 
minimization criteria. In this study it was found, that these methods in fact are useful to find 
greatly reduced controllers with similar performance properties as compared to a full order H∞ 
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control design. However, the “non-smooth” behavior, i.e. the sensitivity of the resulting 
controllers to small changes in the weighting function parameters, makes it difficult to apply 
these fixed structure methods in a systematic higher level controller tuning approach.   

6.3 Evaluation of pitch system activity and loading 

For load reducing pitch control, the effects on pitch system activity and loading must be carefully 
evaluated. In the control design studies in chapter 4 it was demonstrated that simple criteria as 
maximum pitch speed and the total absolute pitch movement can be readily included in the 
controller evaluation based on linear models and frequency domain spectra. A more detailed 
analysis, however, must be carried out in a second step, based on time series from nonlinear 
simulations.  

Qualitatively spoken, the potential effects of load reducing control on the pitch system are: 

• As compared to classical collective pitch control, the pitch system will be active for a 
larger fraction of the operational time of the wind turbine. Furthermore, for a given time 
period, the pitch activity will be higher. Both effects will create an increase in total 
absolute pitch movement, resulting in higher fatigue damage for all bearings and gears.  

• Increased pitch activity means also an increase the electrical power consumption of the 
pitch drives. The thermal rating, thus, must be increased.  

• In contradiction, if bearing friction is the dominant load for the pitch drive, the peak 
values in electrical pitch motor torque will not increase much. 

• For Active Tower Damping and Individual Pitch Controllers, the cyclic pitch movements 
will result in a higher number of direction reversals experienced by the pitch system. 
Such reversals can be expected to have significant effects on the peak loads and fatigue 
of pitch gears and pitch bearings. 

Detailed methods for evaluating the loading of the main pitch system components, in the 
presence of small cyclic movements, have been discussed in chapter 5 and compared to 
standard approaches. 
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Appendix A: Fatigue Calculation for Gears according to ISO 6336 

A.1 Pitting 

The actual contact stress at the tooth of a gear, that is subject to a given torque Ti, is calculated 
according to ISO 6336 [132]:  

 
               √

    

  
  
  
   

 
            (114) 

For a given gearbox design, this can be rewritten as:  

        √   (115) 

where the factor kHT can be found, using a known pair of actual torque and actual stress.  

The permissible contact stress, on the other hand, is given by: 

          
     
  

 (116) 

with Hlim the endurance limit of the material. The factor  

                  

depends on the design of the gearbox. 

The life factor ZNT describes the dependency on the number of load cycles. The permissible 
contact stress for unlimited gear life is gained for ZNT = 1, as: 

            
     
  

  (117) 

Note that a required minimum safety factor against pitting failure SH is already included in this 
value. 

The permissible contact stress in the limited life region can be written as 

 
           (

     
  

)
   

        (118) 

for NL < NHlim. 

For calculation of the fatigue damage, this equation can be interpreted as S-N curve. In order to 
get the maximum number of cycles for a given stress level, it can be rewritten: 
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for Hi > HPref. 

Based on the Palmgren-Miner Hypothesis the fatigue damage contribution for a certain stress 
level can then be estimated: 

 
   

  
  
 

 

          
       

  
       (120) 

for Hi > HPref,, where the exponent pH is given by 

                (121) 

Load cycles with Hi < HPref  are not considered in the damage calculation, since infinite life is 
assumed in this case. 

Values for ZNT = HP / HPref are given in ISO 6336-2 in the form of synthetic S-N curves. Values 
for NLref and pH can be taken from these curves depending on the material of the teeth. 

A.2 Tooth root bending 

The actual tooth root bending stress for a given torque Ti is calculated according to [133]:  

            (122) 

Where the factor kFT can be found, using a known pair of actual torque and actual stress. 

The permissible bending stress is given by: 

           
     
  

 (123) 

with Flim the endurance limit of the material and the factor Y0  depending on the gearbox 
design. 

The life factor YNT describes the dependency on the number of load cycles. The permissible 
bending stress for unlimited gear life is gained for YNT = 1, as: 

          
     
  

 (124) 

Note that a required minimum safety factor against tooth root bending failure SF is already 
included in this value. 

The permissible bending stress in the limited life region can be written as: 
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          (

     
  

)
   

 (125) 

for NL < NFlim. 

For calculation of the fatique damage, this equation can be interpreted as S-N curve. In order to 
get the maximum number of cycles for a given stress level, it can be rewritten: 

 
    (   )  (

      

   
)
     

      (126) 

for Fi > FPref. 

Based on the Palmgren-Miner Hypothesis the fatigue damage contribution for a certain stress 
level can then be estimated: 

 
   

  
  
 

 

           
       

  
 (127) 

 

for Fi > FPref, where the exponent pF  is given by: 

          (128) 

Load cycles with Fi < FPref are not considered in the damage calculation, since infinite life is 
assumed in this case. Values for YNT = FP / FPref are given in ISO 6336-3 as synthetic S-N curves. 
Values for NFlim and pF can be taken from these curves depending on the material of the teeth. 
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Appendix B: Distributed Fatigue Estimation for Pitch Bearings 

B.1 Transferred roller forces 

A number of tangentially distributed points i on the raceway are considered, which are located 
at the same circumferential distance as the rollers. For determination of the force transferred by 
each raceway section, the force distribution f over the circumference of the bearing must be 
considered. If the forces are distributed evenly on all rows of the bearing, the equation must 
hold: 

      dφφφRφφf=M ot 00 sin4  (129)
 

with Mot the overturning moment acting on the pitch bearing. Axial and radial forces are 
neglected here for simplicity. For an ideal distribution as shown in Figure 84, f is linearly 
dependent on the distance from the bending moment axis: 

    0sin φφRk=φf 
 

   dφφφRk=Mot 0

22 sin4
 

2Rk=Mot   

(130)
 

If the angular distance between two rollers is dRoller the transferred force for a roller at position 
i can be estimated for given overturning moments Mx, My: 

 
      Rolleri

ot
Rollerii dφφφ

πR

M
=dφφf=φdF 0sin   (131)

 

 

       tM+tM=tM yxot

22  (132)
 

 

       tM,xMatan2=tφ xy0  (133)
 

For the raceways of the bearing part connected to the hub, the out-of-plane and in-plane blade 
root bending moments Mop and Mip will be chosen as Mx, My. For the raceways belonging to 
bearing parts connected to the blade Mfl and Med are considered accordingly.  

A positive force corresponds to a tensile stress; a negative force describes a compressive stress in 
the blade structure connected to the bearing. Because different raceways are loaded for 
different load directions, the time series for positive and negative forces must be calculated 
separately. 
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Figure 84: Assumed ideal distribution of bearing forces, counting direction for the angle  

 

For a typical 2 row, 4-point ball bearing, an external axial force results in internal radial forces 
that compensate each other in the bearing. The distribution of external forces on the raceways 
depends on the pre-tension of the bearing. Here, we assume that the transferred axial and radial 
forces are always proportional to each other.  

 

 

 

Figure 85: Loading of different bearing raceways depending on the external force. 

 

Mot 
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The forces Q transferred by the balls on the raceways can then be determined according to the 
following cases, see Figure 85:   

Case 1: for -dF0 < dF < dF0 

 




















22

22

0

0

dFdF
k=Q

dF
+

dF
k=Q

rwrw2

rwrw1

 
(134)

 

         

 

Case 2: for dF > dF0 

 

0=Q

dFk=Q

rw2

rwrw1
 (135)

 

    

 

Case 3: for dF < -dF0 

 

dFk=Q

=Q

rwrw2

rw1



0
 (136)

 

 

Here the subscript rw1 (raceway 1) denotes the raceways of bearing part 1 and rw2 denotes the 
raceways of bearing part 2. dF0 is the value of the external axial force on the raceway section, 
belonging to a specific roller, that leads to compensation of the pre-tension. 

krw is the proportional factor between external force and raceway force. Here it was assumed: 

 

 

rows

rw
n

=k
2

 (137)

 

 

nrows is the number of rows of the considered bearing. If only fatigue damage should be 
compared, for different load time series of the same bearing, the factor has no importance.  

As long as the pre-tension is existing, changes in external force will be translated into force 
changes of both raceways having half of the magnitude of the external force change. If the pre-
tension has been overcome, the entire external force change must be taken by one raceway. 
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B.2 Maximum number of load cycles depending on the loading of rollers 

For the survival probability S of a stressed raceway section with volume V it holds according 
to Lundberg- and Palmgren [129]: 

 
ΔV

z

Nτ

ΔS h

ec

0

01
ln











 (138)

 

0 – amplitude of maximum orthogonal shear stress  

z0 – depth of maximum change in orthogonal shear stress 

V – stressed volume 

N – number of load cycles 

The exponents c = 10.33 and h = 2.33 are given by Lundberg and Palmgren. The Weibull-slope e 
depends on whether a bearing with point or line contact is considered [126].  

If a required survival probability is given, the maximum number of load cycles N for roller force Q 
is then proportional to the following expression: 
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B.3 Temporal fatigue damage accumulation 

The generalization of equation (138) for the survival probability is: 

 
eD=

ΔS







 1
ln  (140)

 

where e is the Weibull-slope and D is the fatigue damage. According to the linear damage 
accumulation hypothesis (Palmgren-Miner) the total damage for the considered section of the 
raceway can be determined for different loading levels Qi by: 

  
 

i ii

ii

QN

Qn
=D  (141)

 

or 

      e

iii

i

i QfQn=D
/1

  (142)
 

where f is an arbitrary function that describes the inverse of maximum load cycles depending on 
roller load Q.  
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For the damage according to changing orthogonal shear stress we become with equation (139): 
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Because only a comparison of different time series for different controller modes of the wind 
turbine should was done, the factor k is not of importance.

     
          

 

B.4 Spatial fatigue damage accumulation 

The survival probability of an individual raceway section (index j) depending on the number of 
load cycles can be written in accordance with the preceding section as: 
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If the load cycles are assumed to be distributed evenly over time, this can be rewritten as: 
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For a required survival probability S0, from that the life time of the raceway section can be 
determined as: 
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The total survival probability of the entire bearing equals the product of survival probabilities of 
all individual raceway sections: 

...21ΔSΔS=S total  

 

From that, it follows: 
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With Stotal = S0 the the equation can be written in terms of individual lifetimes of the different 
sections: 
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This result is analogous to the result described in [134]. The fatigue damage is considered here 
as quantity that is inversely proportional to life time. From the preceding considerations it 
follows for the cumulated fatigue damage:  

   eee +D+D=D
L

/1

21 ..:
1
  (151)

 

         

B.5 Load cycles caused by over-rolling 

The raceways of the bearing are divided into a number of circumferential sections. Every time a 
roller is passing the considered section, one over-rolling event is counted. For that, for every 
roller the actual force Q is determined. The maximum orthogonal shear stress can then be 
written [129]: 
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0, Q
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The maximum shear stress amplitude for one over-rolling event becomes: 
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The factor 2 describes the fact, that every over-rolled point undergoes a shear stress variation 

from 0 to 0,max to -0,max to 0 again, compare Figure 79. 

For the volume of the considered raceway section it can be assumed analogously to [135]: 

 Δφzr=ΔV 0a2  (154)
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with r the radius of the raceway. For the half axes a and b of the pressure ellipsis and the depth 
z0, where the maximum shear stress occurs, it holds for point contact [129]: 

3

1

3

1

Qk=b

Qk=a

b

a
 

3

1

0 Qζk=ζb=z b  

This results in: 

 

    3

2
1

2
2T

hc

ia

h

b

c

ba

ii QΔrkζk
kk

k=Qf














  (155)

 

And with  
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we finally get: 
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Again, for comparison of different time series, the factor k1 is not of importance.
 

B.6 Load cycles caused by load changes in standstill 

In standstill of the bearing, for each load cycle on a roller, only a small volume is stressed. As a 
conservative simplification, the stressed volume is assumed here as the area of the contact 
pressure ellipsis multiplied with the maximum depth of the shear stress.  

 
maxmaxmax baπz=ΔV 0,  (158)

 

This is conservative because the maximum shear stress amplitude in fact occurs only for two 
points in the considered volume. 

Because the blade bearing during the entire partial-load operation of the wind turbine is in 
standstill, only the fatigue damage in fine pitch position 0° is considered here. For this position, 
the time series of force Q for all rollers is recorded and divided into load cycles using the 
Rainflow counting method. For each cycle Qmin and Qmax are determined. 

Because the depth of maximum in orthogonal shear stress varies with Q, the maximum 
amplitude in shear stress is not the difference of the individual maxima of shear stress. Here it 
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will be assumed that the maximum variation in shear stress will occur at the location of 
maximum shear stress:  

 
minmax ττ=Δτ 0,0,0   (159)
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The minimum value of shear stress at the location of maximum shear stress is estimated with a 
simplified approximation (Figure 86) of the actual shear stress distribution (Figure 79). From 
Figure 86 we derive the following approximations: 
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In Figure 79 we read: 

by  0.90   

bz  0.50   

Putting this into equation (161) results in: 
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With (144) and (158) we finally get: 
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or
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with k1 the same as in (156).  

Because the bearing diameter is large with respect to the ball diameter, for kb the value of 
contact sphere vs. plane is used: 
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Here rK is the radius of the balls. The Young´s-Modulus E and Poisson´s ratio  are given by the 
considered Material. 

 

 

Figure 86: Simplified approximation of shear stress distribution 
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