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Feasibility Studies on Disturbance Feedforward Techniques to
 
Improve Load Mitigation Performance ∗† 

J.H. Laks, F. Dunne, and L.Y. Pao 

Abstract 

Light detection and ranging systems can measure conditions at a distance in front 
of wind turbines, and therefore are well suited to providing preview information of 
wind disturbances before they impact the turbine blades. As such, this technology 
makes available measurements of wind speed for use in disturbance feedforward control 
techniques. This study investigates disturbance feedforward and preview control to 
better understand the best possible improvement in load mitigation using advanced 
wind measurement techniques. 

∗ The work reported here also is financially supported by industry partners. 
†The authors thank Kathryn Johnson and Na Wang from the Colorado School of Mines for results in which 

feedforward control has been further augmented with additional feedback to enhance damping. 
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Executive Summary 

0.1 Background 

The objective of this phase 1 feasibility study is to investigate improvements in blade and tower 
load mitigation by using disturbance feedforward and feedback control techniques based on wind 
measurements as might be obtained with light detection and ranging (LIDAR) systems. The vari­
ous feedback and feedforward controllers studied are designed for the National Renewable Energy 
Laboratory’s (NREL) model of a 5-MW turbine (Jonkman et al. [1]) as well as a model of NREL’s 
3-Bladed Controls Advanced Research Turbine (CART3). Variations of collective-pitch control (a 
subset of the controllers studied) are shown in Figure 0.1. Disturbance feedforward and preview 
techniques utilize measurements of the disturbance (in this case wind) as shown in Figure 0.1(b) 
and 0.1(c), and feedback-only control is used in (a). 

Figure 0.1. collective-pitch control configurations: (a) feedback only, (b) feedback augmented with 
disturbance feedforward, (c) feedforward with multiple single-input-single-output feedback loops to 
address different objectives 

The 5-MW study is the first research on feedforward conducted by this team for that turbine model 
and the CART3 study is the second study of this type in applying disturbance feedforward. As such, 
the 5-MW turbine studies examine augmenting typical industry feedback control with disturbance 
feedforward controllers, and the CART3 controllers investigated are more advanced and further 
removed from those typically used in industry. 

These investigations are conducted through simulation of the turbine models using FAST (Jonkman 
et al. [2]) within the Mathworks Simulink� block-diagram environment as depicted in Figure 0.2. 
Full-field descriptions of the instantaneous wind conditions used during simulations are generated 
using TurbSim (Kelly et al. [3]); the resulting wind files are accessed automatically by the FAST 
code and the controllers and other blocks are implemented in Simulink� . 

So that the controllers have access to wind speeds for use in feedforward compensation, the FAST 
code is modified to provide wind speeds at desired measurement locations. When the measurement 
locations are upwind from the turbine, the wind speeds obtained are referred to as “preview.” 
Preview measurements provide information to the feedforward compensation before the previewed 
wind speeds impact the turbine; LIDAR is well suited to provide this type of data because it is more 
easily configured to take measurements ahead of the turbine rather than directly at the turbine 
blades. 

An earlier study (Laks et al. [5]) on the CART3 examined using disturbance feedforward techniques 

xii
 



Figure 0.2. Wind turbine feedback-control block diagram (modified from Pao and Johnson 2009 [4] 
with permission) 

without the benefit of preview and found that it was not possible to improve performance without 
excessive pitch rates. Therefore, in this second study for the CART3, only feedforward with preview 
is investigated further. The 5-MW studies look at using disturbance feedforward techniques both 
with and without the use of preview measurements. As a result, there is a greater number of 5­
MW controller variations than for the CART3 studies, as summarized in Table 0.1. The controller 
numbers in Table 0.1 are used to identify the controllers throughout the report. 

Two levels of baseline control are designed for both the 5-MW turbine and the CART3. The 
most basic is a collective pitch (CP) based on feedback of the generator-speed error to regulate 
speed. The second baseline controller augments the CP loop with feedback from the vertical 
and horizontal components of the blade-root bending moment to obtain baseline individual-pitch 
controllers (Bossanyi [6]). As summarized in Table 0.1, permutations of the 5-MW controllers are 
distinguished by combining the single-input-single-output (SISO) baseline loops with additional 
feedforward controllers or tower and blade feedback controllers, and also by whether the pitch 
command is collective or independent. Permutations of the CART3 controllers, also summarized 
in Table 0.1, are distinguished by the use of a single multi-input-multi-output (MIMO) controller, 
and by whether these MIMO controllers are based on multi-blade coordinates (MBC) (Bir [7]) or 
individual, blade-local (B-Local) measurements and pitch commands. 

0.2 Procedure 

During simulation, the FAST code reads the wind field files generated by TurbSim and uses aero­
elastic computations to determine the loads on and interaction with the turbine blades and tower. 
In the case of the 5-MW turbine, the wind-field parameters are based on extensive observations 
taken in the high-plains environment of southeast Colorado. The Great Plains (GP-LLJ) spectral 
model available in TurbSim was used to simulate wind conditions present at this site. In the case 
of the CART3, wind-field parameters are based on conditions representative of the National Wind 
Technology Center (NWTC) in Golden, Colorado, where it is located. As summarized in Table 0.2, 
wind fields for the 5-MW turbine are generated at near-rated (R) and above-rated (AR) conditions 
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Table 0.1. A Sample of the Controller Configurations Explored in this Feasibility Study; the 5-MW 
Controllers are Industry Standard Control Augmented with Feedforward; the CART3 Feedforward 
Controller Variations are Single, MIMO Loops and so the Only Permutations are Distinguished by 
the Use of MBC; Controllers 4 and 5 are Tower Damping and Tower and Blade Damping Augmen­
tations; these Controllers were Studied Under a Separate but Related Industry Funded Project; 
the Details of These Controllers are Documented in Laks et al. [8]. 

as determined by average hub-height horizontal wind speed. The CART3 studies only focused 
on load mitigation in AR conditions. By focusing on above-rated conditions, the load mitigation 
performance is kept separate from other considerations that come into play in near-rated conditions 
where the turbine could continually transition between Region 2 (below rated operating scheme) 
and Region 3 (above rated operating scheme). Three different wind conditions are generated for 
the R and AR cases and are distinguished by atmospheric boundary characteristics. 

In each of the ensembles of the wind-speed categories, 31 realizations of the turbulent wind field 
based on the specified boundary conditions are generated. Each controller configuration for the 
5-MW and CART3 turbine model is simulated in all of the resulting wind fields. Loads and 
other turbine variables of interest are stored and then post-processed after simulation to compute 
performance metrics. 

Wind measurements used for feedforward control can be divided roughly into two categories. The 
exact method used in each case is discussed in Section 3. Essentially, the main difference is whether 
the measurement locations rotate in coordination with the blades or the locations remain station­
ary. In the former case, wind measurements are used for IP feedforward compensation. In the latter 
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Table 0.2. Turbulence Boundary Conditions Used to Generate Wind Fields; Each of the 3 Wind 
Speed Categories are Varied by the Vertical Stability Parameter RiTL and the Mean Friction Veloc­
ity (Shearing Stress) u∗ D Over the Rotor Disk; a Power Law Variation of the Vertical Wind Speed 
Profile is Specified by the Listed Shear Exponents αD 

case, the measurements are averaged to provide CP feedforward control, or the stationary measure­
ments are interpolated to estimate wind speeds at rotating locations for use in stationary-based IP 
feedforward. 

The torque controller for both the 5-MW and the CART3 is a non-dynamic computation based 
on rotor speed. Both the 5-MW and CART3 controllers use a standard square law (Jonkman et 
al. [1]) when the rotor speed drops into Region 2 (below rated conditions). In Region 3 (wind speeds 
above rated conditions), the 5-MW torque controller adjusts torque to maintain rated power but 
the CART3 controller holds torque constant. 

0.3 Summary of Results 

This section summarizes a few key simulation results in AR conditions with respect to mitigation of 
blade and tower loads. Results in R conditions are similar, and more detailed results are presented 
in the sections covering the respective turbine studies. 

Results are computed in terms of the ensemble damage equivalent load (DEL) averaged over all 
simulations. That is, a DEL is computed for each AR simulation as distinguished by the controller 
and wind-measurement method. The DEL metric itself is calculated using the blade-root flap or 
tower base fore-aft bending moment observed during the simulation and is based on a rain-flow 
counting algorithm using code from NREL. This computation uses a Wohler curve exponent (slope 
of log(S) versus log(N), where S is the magnitude of a cyclical stress and N is the number of cycles to 
material failure) of 10, which is typical for composite materials. Each permutation of controller and 
wind-measurement scheme is simulated in all of the 93 AR wind realizations. The DEL is calculated 
for each simulation and the average then is taken over the resulting 93 metrics to determine the 
DEL performance for each control/measurement configuration. 

Results representative of the 5-MW studies and those from the CART3 studies are shown in Fig­
ure 0.3 upper and lower plots, respectively. The studies show that preview measurements that give 
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information on wind speeds local to the blades provide an advantage over using feedback only. In 
both the 5-MW and CART3 studies, the CP baseline feedback-only results serve as a familiar refer­
ence point, representative of industry-standard control. The IP baseline feedback-only controllers 
are improved designs with lower DELs than CP. Results are normalized to give IP baseline DELs 
of 100, so the remaining individual-pitch preview controller DELs easily can be compared to the 
IP baseline. The IP baseline controllers provide significant load mitigation over that obtained with 
CP feedback-only control; and adding disturbance feedforward using blade-local (rotating) preview 
measurements can provide still further performance improvement. 

0.4 Discussion and Future Work 

We think that the difference between the 5-MW study and the CART3 study mainly is attributable 
to the fact that in the 5-MW study, the feedforward controllers are based on speed-regulation 
considerations. On the other hand, the CART3 MIMO preview approach is designed explicitly 
to reduce blade-root loads. It only is somewhat unexpected that the 5-MW feedforward based on 
speed regulation also provides load mitigation, because the technique utilized should have the effect 
of smoothing out the pitch response in the correct direction where feedback only would be “late” 
and potentially suffer greater transients. An additional difference between the two studies is that 
the preview time (0.45 s) used for the CART3 case now is known to be nearly optimal (see Figure 
17 in Section 5.1) and the optimal amount of preview for the 5-MW still is a topic for further 
investigation. 

Further, the fact that the more accurate measurement scheme rotates in unison with the blades 
is not the salient characteristic. Rather, it is the fact that the wind speed arriving local to each 
blade, after the elapsed preview time, is predicted accurately by the rotating measurements. We 
expect that any measurement scheme/LIDAR scanning pattern and signal processing algorithm 
that provides similar blade-local accuracy will have the same performance advantages. 

In summary, we found that wind preview feedforward can be used to augment standard controllers 
to improve load mitigation, as in the 5-MW study. There are further advantages to a complete 
controller redesign, also using wind preview, as seen in the CART3 study. This can provide a 30% 
blade load reduction from baseline, while only a 10% blade load reduction was achieved in the 
5-MW study before tower or blade damping was added. There are two important caveats in this 
regard, however. First, the 5-MW feedforward design methods could be based on load mitigation 
instead of speed regulation, and this should have a significant effect on the DEL performance. 
Second, the CART3 controllers developed so far are expensive in terms of computing resources, 
requiring easily more than 10 times the computation required for the baseline controllers (based on 
a comparison of the order of the controllers). 

In the future a number of issues can be addressed using the same or slight modifications of tech­
niques developed so far. Techniques applied to the CART3 can be applied to the 5-MW turbine, 
and a state-feedback study (as completed for the CART3) will also reveal the amount of preview 
required for “optimal” load mitigation on the 5-MW turbine. Moreover, we plan to incorporate 
the expected frequency content of wind perturbations into the control designs. We expect that 
doing so will provide better/more low-frequency emphasis and render benefits that are twofold. 
Wind perturbations tend to predominate at lower (below 1 Hz) frequencies, therefore emphasis at 
these frequencies should further improve performance. We also anticipate a decrease in sensitivity 
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to errors in wind measurements which appear to predominate at higher frequencies. Finally, it is 
possible to apply model order reduction techniques to the CART3 controllers to reduce the amount 
of computation these require. It remains to be seen whether the savings will be significant. 
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Figure 0.3. Blade-root flap and tower base damage equivalent loads for a sample of controllers 
studied (see Table 0.1 for a description of the controllers); results are normalized to an IP feedback-
only baseline controller DEL of 100; a configuration producing a DEL lower than 100 has improved 
performance relative to IP baseline; the 5-MW results are shown in the upper plot (a), and the 
CART3 results are shown in (b); for the preview results presented here, 3 wind speed measure­
ments, rotating with the blades, are taken at 75% span; in both cases, using preview feedforward 
based on measurements that accurately reflect conditions local to the blades provides advantages 
over feedback only 
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1 Introduction/Motivation
 

The stochastic nature of wind resources, the high initial capital cost, and the increasing structural 
flexibility of utility-scale turbines motivate the adoption of advanced instrumentation and measure­
ment technologies. One of the most attractive technologies is LIDAR (light detection and ranging). 
It has the ability to make real-time measurements of wind conditions local to individual turbines. 
These types of measurements make it possible to employ disturbance feedforward techniques using 
a preview of actual wind speeds, instead of employing wind estimates obtained from measurements 
of the turbine structural dynamics (Ostergaard et al. [9]) which do not provide any preview. 

Figure 1. Feedforward SISO-based control schemes: (a) CP speed regulation; (b) CP + IP SISO 
loops; (c) CP, augmented with CP feedforward; (d) CP augmented with IP feedforward; (e) CP+IP 
SISO loops augmented with IP feedforward. 

In this feasibility study, we attempt to better understand the best possible outcome that can be 
achieved with advanced measurement of wind speeds approaching the turbine. As this is an initial 
study, we focus on idealized measurements, which allows considerable simplification with respect 
to the configuration of the LIDAR than might otherwise be required (Schlipf et al. and Harris et 
al. [10, 11]). 

Even with these simplifications, there still is a seemingly endless number of permutations of control 
schemes in which idealized measurements might be employed. Recent work by Bossanyi [6], Stol 
and Fingersh [12], Wright et al. [13], and Stol et al. [14] has verified that more advanced feed­
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back controllers can reduce structural fatigue loads. These advanced controllers typically employ 
individual-pitch control and can be based on signals from strain gauges and position encoders in 
addition to generator speed. This study benchmarks disturbance feedforward techniques against 
some industry standard feedback control approaches. All of the controllers studied are simulated 
in turbulent wind conditions that have spatial variation beyond what would be produced by linear 
and vertical shear alone. 

Standard feedback collective (CP) and independent (IP) pitch controllers, as depicted in Figure 1(a) 
and Figure 1(b), respectively, are designed for the 5-MW and CART3 turbines as baseline cases. 
The CP loop regulates turbine speed based on the generator-speed error. By adding to this CP-
loop, the feedback from the vertical and horizontal components of the blade-root bending moment, 
a baseline IP controller is obtained. 

The 5-MW studies focus on augmenting these baseline controllers with additional feedforward loops. 
Measurements of wind speed are fed forward as shown in Figure 1(c)–(e) to augment the standard 
feedback control. The CP baseline controller is augmented with both collective-pitch feedforward 
(Figure 1(c)) and IP feedforward (Figure 1(d)) and only IP feedforward (Figure 1(e)) is used to 
augment the IP baseline controller. The CP feedforward is based on stationary measurements used 
to compute a spatial average wind measurement and the IP feedforward uses measurements that 
rotate in unison with the blades. 

With respect to the CART3, preview control is designed based on MIMO combined feedback and 
feedforward techniques as depicted in Figure 2. If there is significant interest in exploring the 
use of preview measures to augment existing controllers, a future study would be warranted. The 
variations in this study used for the CART3 controllers are based primarily on whether they make 
use of blade local variables (Figure 2(a)) or MBC coordinates (Figure 2(b)), with further gradations 
based on the rms pitch rate and the method used to measure wind speeds. 

Figure 2. CART3 control approaches: (a) blade local bending-moment feedback and wind mea­
surements; (b) MBC bending-moment feedback and wind measurements. 

This report is organized as follows. The next section explains the wind conditions and turbine mod­
els in more detail. Section 3 gives an overview of the wind-speed measurement schemes considered. 
The subsequent two sections of the report explain the 5-MW and CART3 studies are explained 
in further detail. Augmentation of the baseline controllers with feedforward compensation for the 
5-MW turbine model is discussed in Section 4, and the CART3 MIMO techniques and results then 
are presented in Section 5. The approach used in the CART3 studies is one variant of what is 
referred to in the literature as “preview control.” Except for two appendices, the report in Section 
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6 concludes by discussing the results and the plans for future work. Appendix A explains the 
manipulation of the CART3 models for use in MIMO controller design, and Appendix B details 
the design of the MIMO, combined feedforward-feedback controllers. 
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2 Turbine Models and Site Conditions 

All simulations are performed using the full non-linear turbine model provided by the FAST 
(Jonkman et al. [2]) software code developed at the National Renewable Energy Laboratory (NREL). 
This code reads in specified files describing wind field velocities and then applies the wind speeds to 
the turbine to compute the resulting turbine response. These computations involve the aeroelastic 
interaction between the wind and the turbine structure. The wind input can be specified in a num­
ber of different formats. This study uses the NREL TurbSim (Kelley et al. [3]) stochastic full-field 
inflow simulator to generate realistic wind fields for input to FAST. The following sections discuss 
specific turbine parameters and simulation conditions for both the 5-MW and CART3 simulations. 

2.1 Turbine Models 

The turbines modeled in FAST have the specifications shown in Table 1. The scale of the 5-MW 
turbine dwarfs the CART3 and, as such, has more severe pitch-rate limitations. The CART3 has 
an unusually high maximum pitch rate relative to most utility-scale turbines, but is typical in its 
power rating for its 40-meter diameter rotor. 

Table 1. Turbine Specifications 

The differences in scale between the two turbines also are manifest in the characteristic frequencies 
associated with their structural modes, as can be observed in Table 2. FAST allows certain sections 
of the turbine to be modeled as rigid or flexible— each mode of flexure or displacement is referred 
to as a degree of freedom (DOF). For the purposes of design a restricted set of DOF are active as 
listed in Table 2; during simulation all available DOF provided by FAST (except for teeter) are 
active as listed in Table 3. 

FAST is used to linearize the turbine at various operating points to obtain models used in the 
design of controllers. Table 2 lists the DOF enabled in obtaining design models for the various 
control loops. The 5-MW CP and IP feedback-only designs (CPFB; IPFB) are gain-scheduled 
designs and are linearized at “varied” operating points. The mode associated with the drivetrain 
essentially is independent of operating point and, when enabled, its characteristics do not change. 
The feedforward zero phase error tracking controller’s (FFZPETC) feedforward compensator is 
designed at a single AR operating point. Similarly, the tower and blade damping feedback loops 
(FA-TD and FA-TBD) are designed for a single operating point, but only the blade-flap and/or 
tower fore-aft DOF (the modes targeted by these loops) are active during linearization. The 
other 5-MW feedforward controls not listed in Table 2 are based on static relationships which 
are independent of turbine characteristic frequencies. The CART3 controllers all are designed for 
a single AR operating point and take into account generator, drivetrain, and blade-flap modes in 
their design. 
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Table 2. Degrees of Freedom Enabled for Linearization and Frequency and Damping Ratio Results 
for Enabled Modes 

Table 3. Degrees of Freedom Enabled for Simulation
 

More detail on the 5-MW turbine model and the 5-MW baseline controller described in Section 4.3 
can be found in the NREL report by Jonkman et al. (2009) [1]. 

2.2 Wind Conditions 

The boundary conditions for the TurbSim simulator shown in Table 0.2 are derived from the 
averages of sub-populations of actual measured wind conditions. The (Y-Z) grid encompassing the 
turbine rotor disk contains 31 x 31 points of 3 orthogonal wind components with a sample rate of 
20 Hz and a total record length of 630 seconds. The turbulence boundary conditions within each 
of the 3 wind-speed categories are varied by the vertical stability parameter (RiTL) and the mean 
friction velocity (shearing stress) (u∗ D ) over the rotor disk. A power law variation of the vertical 
wind-speed profile is specified by the listed shear exponents (αD). For each row of Table 0.2, 31 
realizations of the turbulent wind field based on the specified boundary conditions were generated. 

3 Wind-Speed Measurements 

The wind fields used in simulation are marched forward through the appropriate turbine without 
evolving over time, therefore a preview of the wind speeds that will hit the turbine can be ob­
tained simply by taking measurements at a distance ahead of the turbine. The FAST code was 
edited to output these measurements for use by the designed controllers. This section explains the 
measurement locations used for the 5-MW and the CART3 controllers. 
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3.1 Five-Megawatt Wind-Speed Measurements 

The wind measurements used in IP feedforward controllers are taken at locations that rotate with 
the blades so that wind speeds at the future blade positions are known in advance according to the 
desired amount of preview. On the other hand, the wind measurements used for CP feedforward 
are obtained using an average of five stationary measurement locations positioned in planes ahead 
of the turbine at the desired preview distances. 

Figure 3(a) shows a comparison of the CP/stationary measurement with two other options for 
obtaining the same information. The smoothest curve is the wind-speed estimate, which requires 
no LIDAR, and instead is based solely on generator speed, generator torque, and blade pitch. This 
estimate was calculated by following a published method (Ostergaard et al. [9]); for simplicity, how­
ever, the drivetrain torsion was ignored in the calculation of aerodynamic torque. The least smooth 
curves are the hub-height-only wind measurements. Both a delayed preview and an “at-tower” ver­
sion are plotted to show that there is very little error between the two with this simulation method. 
On average, the hub-height-only wind-speed measurements are a little too high as compared to the 
average wind speed over the rotor plane, because the wind speed varies with height according to a 
power law. 

Figure 3. Considerations for 5-MW wind measurements: (a) time series comparison of different 
wind measurements; (b) structural loads comparison with different wind measurements— the wind 
measurement obtained using each of the 3 methods in the legend above is fed into the CP ZPETC 
feedforward with CP feedback controller showing that the 5-point average is a good choice (the 
wind-speed estimate cannot easily be extended to provide preview feedforward). 

The three wind-measurement techniques (wind-speed estimate, 5-point average, and hub-height­
only) each were tested as input to the collective-pitch ZPETC feedforward controller in a single 
wind field run (AR1 s1, one realization of AR1). As shown in Figure 3(b), the wind-speed estimate 
performed similarly to the 5-point average measurement, and the hub-height-only measurement 
performed significantly worse. The wind-speed estimate method is applicable only to the CP 
ZPETC and CP constant controllers, and not to the CP shaped controller, which requires a 5­

6
 



second preview. 

3.2 CART3 Wind-Speed Measurements 

Disturbance feedforward information for the CART3 studies is obtained using three point measure­
ments of wind ahead of the turbine. One set of simulations uses idealized best-case measurements 
that rotate with the blades and another set uses stationary measurements. As explained below, 
the idealized measurements provide very accurate blade-local wind speeds, but speeds interpolated 
from stationary measurements are inherently prone to error in complex wind fields. 

3.2.1 Basic Multi-Blade Coordinates 

In both the rotating and the stationary measurement schemes, multi-blade coordinates (MBC) 
are used for interpolation. In the rotating scheme, MBC is used to predict blade locations at the 
preview time based on their present position and rotor speed. In contrast, the stationary wind-
speed measurements are interpolated to estimate the wind speeds at the location the blades will 
arrive at after the preview time has elapsed. An explanation of this interpolation from stationary 
measurements provides a relatively straightforward introduction to MBC. We start by assuming 
that the wind variation across the rotor plane is perturbed away from nominal by a uniform change 
across the rotor disk, and also by linear horizontal and vertical shear. 

Shear typically is quantified in terms of the change in wind speed seen at the blade tips as a 
(unitless) fraction of the spatial average wind speed (w0) across the rotor disk. Perturbations are 
defined in a manner consistent with FAST. If the horizontal wind speed is perturbed away from 
the nominal (w0) due to a uniform (spatially within the rotor plane) amount (wu), as well as by 
horizontal (Δh) and vertical (Δv) shear components, then the total perturbation (Δx) at a location 
with horizontal and vertical coordinates (y, z) within the rotor disk is as follows 

w0 z w0 y
Δx(y, z) = Δv +Δh +wu, (1)

2 R 2 R 

where R is the radius of the rotor disk. The factor of one half appears because FAST applies only 
half the shear perturbation on each side of the rotor disk. 

To express the perturbation in MBC, the z and y coordinates simply are expressed as a function 
of rotor azimuth. Facing the turbine from a position upwind, let θ represent the clockwise azimuth 
of blade 1 (the convention used by FAST) from upward vertical, and let r0 represent the radius 
at which the wind speed is measured. The measurement position at radius r0 along blade 1 is 
(y, z) = (−r0sin(θ), r0 cos(θ)) so that the perturbation is computed as a function of azimuth as 
shown below. 
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w0 r0 w0 r0
Δx(θ) = Δv cos(θ) − Δh sin(θ) + wu (2)

2 R 2 R 
= wc cos(θ) + ws sin(θ) + wu 

So, the MBC perturbations [wu, wc, ws] observed at rotor azimuth θ and radius r0 are related to 
shear perturbations [Δv, Δh] by the following. 

⎡ ⎤ ⎡ ⎤⎡ ⎤ 
wu 1 0 0 wu 

wmbc = ⎣wc ⎦ = ⎣0 w0 r0 0 ⎦⎣Δv ⎦ = M−1 wsh (3)2 R m2s 
−w0 r0ws 0 0 2 R Δh 

The matrix (Mm2s) scales from MBC perturbations to equivalent shear perturbations. Repeating 
equation (2) at each blade azimuth gives the basic MBC transformation that computes the MBC 
components as a function of rotor position from individual, blade-local measurements [w1, w2, w3] = 

2π 4π[Δx(θ), Δx(θ + 3 ), Δx(θ + 3 )] made along each blade at radius (r0) as shown below. 

⎡ ⎤⎡ ⎤
1 1 1 w13 3 3 

2 2 2π 2 4π wmbc = ⎣ cos(θ) cos(θ + ) cos(θ + )⎦⎣w2⎦ = T (θ)−1 w (4)3 3 3 3 3 
2 2 2π 2 4πsin(θ) sin(θ + ) sin(θ + ) w33 3 3 3 3 

The convention for denoting the MBC transform by the inverse of T (θ) is convenient for computing 
the MBC transformation of the linearized turbine model, as outlined in Appendix A2. The relation­
ship in equation (4) is exact if the perturbation is due only to uniform and linear shear. Otherwise, 
this relationship can be viewed as a means of estimating average shear (via Mm2s) from individual 
point measurements. Similarly, if the MBC perturbation (wmbc) is known then the blade-local wind 
perturbations measured at the blades when the rotor azimuth angle is θ are given by the inverse 
MBC transformation. 

⎡ ⎤ 
1 cos(θ) sin(θ) 

2π 2π w = ⎣1 cos(θ + ) sin(θ + )⎦ wmbc = T (θ) wmbc (5)3 3 
4π 4π1 cos(θ + 3 ) sin(θ + 3 ) 

Again, if the shear data is for average variation across the rotor disk, then the relationship above 
is exact if the total wind variation is due only uniform and linear shear components. Otherwise, 
it is an estimate of blade-local speeds from average data. As used in this study, the MBC (or, 
equivalently, shear) components originate as estimates computed from single point measurements. 

3.2.2 Stationary and Rotating Wind Measurements 

A version of the FAST code is modified to output three wind measurements. 

⎡ ⎤ ⎡ ⎤ 
w1 Δx(x1 − xprev, y1, z1) ⎣w2⎦ = ⎣Δx(x2 − xprev, y2, z2)⎦ (6) 
w3 Δx(x3 − xprev, y3, z3) 
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These are taken at a distance of xprev = τprev ∗w0 ahead of the turbine corresponding to τprev = 0.45 
seconds at the average wind speed w0 for the simulation. The measurements are equally spaced 
around 2π radians at a radius equivalent to 75% span of the blades. The FAST code is written to 
advance the TurbSim wind file past the turbine at the average wind speed w0 and this is known a 
priori, therefore the exact distance xprev corresponding to the desired preview time is known. In 
this way, it is possible to get very accurate measurements of the wind-speed variations that will 
arrive at each blade. 

In the stationary measurement mode, the measurements always are taken with w1 at vertical (θ = 0) 
and the other two locations spaced at multiples of 2π/3 radians. The MBC components then are 
computed according to equation (4) with θ = 0. The rotor position expected after the preview time 
has elapsed is predicted according to 

θprev = θrotor +Ω · τprev,	 (7) 

where Ω is the present rotor speed. The wind speeds that the blades will experience at the preview 
position are estimated from the stationary measurements by interpolating to the predicted blade 
locations using equation (5) with θ = θprev. 

In the more accurate rotating mode, the present blade locations are transformed to their present 
MBC coordinates. 

⎡ ⎤ 
x1(t) 

xmbc(t) = T −1(θ) ⎣x2(t)⎦ (8) 
x3(t) 

The positions then are interpolated ahead to positions at the azimuth (θprev) that is expected after 
the elapsed preview time. 

x(t + τprev) =T (θprev)xmbc(t)	 (9) 

y(t + τprev) =T (θprev)ymbc(t) 

z(t + τprev) =T (θprev)zmbc(t) 

The modified FAST code simply outputs the wind speeds in front of the turbine from the expected 
blade positions. 

⎡ ⎤ ⎡	 ⎤ 
w1 Δx( x1(t + τprev) − xprev, y1(t + τprev), z1(t + τprev) ) ⎣	w2⎦ = ⎣Δx( x2(t + τprev) − xprev, y2(t + τprev), z2(t + τprev) ) ⎦ (10) 
w3 Δx( x3(t + τprev) − xprev, y3(t + τprev), z3(t + τprev) ) 

In effect, these measurement locations in front of the turbine rotate in coordination with predicted
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blade positions. The only error in the resulting preview wind speeds is due to the error in interpo­
lating the blade locations, and this occurs because the rotor speed isn’t necessarily constant. 

3.2.3 Comparison of Stationary and Rotating Wind Measurements 

The result of stationary and rotating measurement modes for a given simulation run are displayed in 
Figure 4(a) where the actual wind speeds seen at 75% span are time-shifted to align with the preview 
measurements. The rotating measurements are shown in the top plot and are indistinguishable from 
the wind speeds actually encountered. The stationary preview measurements (center plot and the 
amplitude spectrum in the bottom plot) tend to have a low-pass filtering effect due to the MBC 
interpolation, and produce a visible error. Most of the error found in the stationary approach is 
because the wind conditions produce more than just shear variation across the rotor disk; the shear 
measured at the stationary locations can be significantly different than that at the actual rotor 
positions. 

Figure 4. Wind speeds at 75% span of one blade; (a) top plot— actual wind speeds and rotating 
measurements (indistinguishable from each other); center plot— actual wind and speeds interpo­
lated from stationary measurements; bottom plot— amplitude spectrum of the wind seen at the 
blade and that of the interpolated measurements; (b) histograms of errors relative to actual wind 
speeds. 

The histograms shown in Figure 4(b) show the prediction errors from data taken at the 75% span 
of one blade during 600 seconds of simulation time. The maximum error (∼ 6 m/s) produced by 
the stationary-interpolation scheme is greater than ten times larger than that produced by the 
rotating measurements (< 0.5 m/s) as can be observed in Figure 4(b). Without utilizing some 
form of azimuth prediction (e.g. Kalman filtering or other model-based prediction), the rotating 
measurements are the best we currently can produce. In fact, because in reality, the wind speeds 
ahead of the turbine continue to evolve en route and the time to arrival is not constant (as is 
implemented in FAST) the rotating measurements can be considered unrealistically accurate. In 
future work, we also will consider the distortions and noise that are typical in LIDAR measurements. 
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In this study, however, the goal for the rotating scheme is to better understand the best possible 
outcome using preview control, and the stationary measurements serve as a first investigation into 
the effect of errors in wind-speed measurements. 
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4	 5-MW Feasibility: Adding Feedforward to Standard Feedback
Controllers in Above Rated (AR) and Near Rated (R) Conditions 

4.1 Yaw Control 

The yaw control is set to a constant 0◦, and the average wind direction does not change. 

4.2 Torque Control 

The low-pass filtered generator speed also is the input to the torque controller. Torque control 
typically is divided into different regions depending on generator speed, as shown in Figure 5. 
Regions 1 and 1.5 are turbine start-up and transition regions. In Region 2, the torque command 
is proportional to the square of the generator speed. This maintains a constant tip-speed ratio 
for maximum power capture. Region 2.5 provides a transition to Region 3. Region 3 begins at 
rated generator speed; in this region, the torque controller maintains constant rated power and the 
torque command is inversely proportional to generator speed. Also in Region 3, the pitch controller 
actively regulates generator speed. When the wind speed drops so that the generator speed falls 
below Region 3, then the pitch command settles to its lower limit of 0◦ . 

Figure 5. Baseline torque control 

The torque controller has an additional feature that reduces downward spikes in power from the 
rated 5 megawatts. Whenever the blade-pitch angle is greater than or equal to 1◦ , the torque 
controller follows the Region 3 curve, even if the generator speed is below rated. This is represented 
by the dashed line in Figure 5. The torque command is limited to between 0 Nm and 47,402.91 
Nm, and is rate limited to 15,000 Nm/s. 
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4.3 Baseline collective-pitch Control 

The collective-pitch blade-pitch controller depends only on generator speed. The generator speed 
signal is fed through a low-pass filter and then into a gain-scheduled proportional-integral (PI) 
controller, as shown in Figure 6. Blade pitch is limited between 0◦ and 90◦ and rate limited to 
8◦/s. 

Figure 6. Simulink [15] diagram of baseline collective-pitch control 

4.4 Baseline individual-pitch Control 

An individual-pitch feedback-only controller also was designed (Bossanyi [6]) for use as another 
baseline controller for comparison with the individual-pitch feedforward controllers. In addition to 
generator speed, its inputs are the three out-of-plane blade-root bending moments and the rotor 
azimuth, which is used for the MBC (or d-q axis) transformation. The horizontal and vertical 
components are controlled with PI controllers, and the collective component is controlled with the 
same PI feedback control as the baseline collective-pitch controller. 

4.5 Feedforward Control Designs 

This section presents some initial ideas for feedforward control designs; these fall into one of two 
categories. The first is model-inverse control, designed to cancel the effect of wind disturbances 
on rotor speed. The second is a shaped compensator method, which is an intuitive, essentially 
non-model-based approach. 

4.5.1 Gain-Scheduled Model-Inverse Feedforward Control 

The first step in designing a model-inverse feedforward controller is obtaining a linear model of the 
turbine (P ). In this study the turbine is linearized about an 18 m/s constant wind speed, with five 
degrees of freedom turned on. 

• First flapwise blade mode (× 3 blades) 

• Drivetrain rotational-flexibility 
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• Generator 

This results in two transfer functions: PΩβ, which maps collective blade-pitch error (β) to generator-
speed error (Ω), and PΩw, which maps deviation (w) from nominal wind speed to generator-speed 
error (Ω). 

0.091923(z + 1.584)(z − 1.094)(z − 0.922)(z − 0.1628)
PΩβ = (11)

(z − 0.9968)(z2 − 1.932z + 0.9356)(z2 − 1.951z + 0.9819) 

0.0002991(z + 1.829)(z − 0.1577)(z2 − 1.572z + 0.6193)
PΩw = (12)

(z − 0.9968)(z2 − 1.932z + 0.9356)(z2 − 1.951z + 0.9819) 

Sampling time: 0.0125 s 

A feedforward controller is shown as F in Figure 7. A linear model-inverse feedforward approach 
uses F to cancel the effect of w on Ω. Therefore, as can be seen in Figure 7, F is as follows. 

PΩβ · F · w = −PΩw · w (13) 

F = −PΩ
−
β 
1PΩw (14) 

(Ωdesired = 0) 

Figure 7. Combined feedback/feedforward control with only generator speed error feedback 

Ideally, the feedforward controller would be set equal to F as shown above. In this case, however, the 
resulting F is unstable because PΩβ contains non-minimum-phase zeros. Therefore a stable model-
inverse approximation is used instead. Three different model-inverse techniques (Butterworth et 
al. [16]) are used: the nonminimum-phase zeros ignore (NPZ-Ignore), the zero-phase-error tracking 
controller (ZPETC), and the zero-magnitude-error tracking controller (ZMETC). 

0.013418(z + 1.829)(z − 0.1573)(z2 − 1.572z + 0.6194)
FNPZ-Ignore = (15) 

z2(z − 0.922)(z − 0.1628) 

0.09587(z + 1.829)(z + 0.6313)(z − 0.9142)(z − 0.1573)(z2 − 1.572z + 0.6194)
FZP ET C = 

z4(z − 0.922)(z − 0.1628) 
(16) 

0.001878(z + 1.829)(z − 0.1577)(z2 − 1.572z + 0.6193)
FZMET C = (17)

(z − 0.1628)(z − 0.9142)(z − 0.922)(z + 0.6313) 

Sampling time: 0.0125 s
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When simulated in a uniform wind field, stepped from 15 m/s to 20 m/s, all three controllers 
perform similarly and show some improvement over baseline (as shown in Figure 8), even without 
any gain scheduling or low-pass filtering. The feedforward controller increases blade-pitching action 
to keep rotor speed more constant and to reduce the magnitude of oscillations in blade-root bending 
moment. The controllers shown here use wind-speed measurements at the blades with no preview. 

All controllers studied are discrete-time controllers with a sample period of 0.0125 s. The ZPETC 
requires an added delay of z−2 (two sample periods, or 0.025s) to make the controller causal. A 
0.025 s preview cancels this delay, making the phase of this controller match the ideal case exactly. 
The NPZ-Ignore and ZMETC require no added delay, so an instantaneous wind-speed measurement 
at the blades is ideal for these controllers. 

One wind-speed measurement that has been made available in the simulation is an approximate 
disc-average of the u-direction (towards turbine) wind speed, measured 90 m ahead of the turbine 
tower. Measurements at five points of the 90 m-ahead disc are used to obtain this approximate 
average: hub center, and 63 meters straight up, down, left, and right. The wind fields used 
in simulation can be thought of as a three-dimensional grid, with three wind-speed directional 
components at each point in the grid. It does not evolve over time, but is marched forward towards 
the turbine at a constant rate, equal to the average wind speed of the particular wind field being 
used. Therefore, the 90 m-ahead wind-speed signal can be delayed without any loss of accuracy. 
For inputs to the ZPETC, NPZ-Ignore, and ZMETC controllers, the signal is delayed so that it 
is approximately at the blades, which are about 6 m ahead of the tower. Because the blades do 
not lie in a perfect plane—they are preconed forward by 2.5◦ and bend back somewhat during 
operation—it is not possible to choose the distance precisely or to choose the delay accurately to 
within 0.025 s. 

All three controllers have a fixed DC gain of approximately 0.0234 rad/(m/s). These controllers 
perform best when operating close to the linearization point of 18 m/s wind speed. To improve 
performance over a greater range of wind speeds, the DC gain of the feedforward controllers is 
adjusted based on wind speed. The ideal gain values are based on testing of the non-linear turbine 
model at various points over a range of wind speeds from 11.4 m/s to 25 m/s to find the required 
steady-state blade pitch at each point such that Ω = 0. 

The wind-speed input to this gain scheduler first is fed through an eighth-order low-pass Butter-
worth filter that filters out anything greater than or equal to the once-per-revolution frequency of 
0.2 Hz. This stops high frequencies from being passed through to the blade-pitch signal. 

Early testing of the collective-pitch gain-scheduled model-inverse feedforward controllers showed 
that results improved when a low-pass filter also is applied to the input signal to the controller 
itself. This filter is a single-pole low-pass filter with a corner frequency of 0.025 Hz. This removes 
much of the dynamics of the controller, however, leaving it essentially equivalent to a low-pass 
filter multiplied by a (gain-scheduled) constant. It therefore appears that these controllers are not 
working as expected, except at low frequencies. This could be because the required amount of delay 
cannot be made precise enough, or because the higher frequencies in the five-point average are not 
representative of the entire disc. Some of the problem also might be due to operation far from the 
linearized operating point, and it is possible that this could be corrected by scheduling not only the 
gain at different wind speeds, but also the locations of controller poles and zeros. It is interesting 
to note, however, that when the turbine model is linearized using only two degrees of freedom 
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Figure 8. Comparison of model-inverse and baseline control with simulations in uniform stepped 
wind; root-bending moments are compared using damage equivalent loads (DEL) 
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(drivetrain rotational-flexibility and generator) instead of five, PΩw and PΩβ have almost identical 
dynamics, so the ideal model-inverse controller, F = −PΩ

−
β 
1PΩw, simply is equal to a constant of 

approximately 0.0234 rad/(m/s). 

Testing of the three controllers shows that all produce similar results. The simulation results for 
the ZPETC with low-pass filter on both the gain scheduler and the input therefore are used as 
representative of all three. For comparison, simulation results for a low-pass-filtered gain-scheduled 
constant also are presented. 

These two controllers originally were collective pitch. Individual-pitch versions also were designed. 
Each individual-pitch version has three wind-speed inputs, one at each blade at approximately 75% 
span. It simply uses the same collective-pitch controller three times, once for each blade. The 
low-pass filter pole at 0.025 Hz is increased to allow the 0.2 Hz (1P ) signal through so that the 
individual-pitch controller can handle wind shear. 

4.5.2 Gain-Scheduled Shaped Compensator Feedforward Control 

Rather than using an instantaneous wind-speed measurement at the blades, or a few hundredths 
of a second ahead of the blades, the shaped compensator uses an advance wind measurement up 
to five seconds ahead of the blades. This gives the blades more time to react to changes in wind 
speed and keeps pitch rates to more reasonable levels. 

Figure 9. Desired step response of feedforward shaped compensator (rad/(m/s)) 

First, the desired step response shown in Figure 9 is created. The step change in wind speed 
hits the blades at the 0 s mark on the plot, where the blade pitch is rising the fastest. The step 
response completely determines a linear controller. To find the transfer function for this controller, 
take the derivative of the step response to obtain the continuous-time impulse response, as shown 
in Figure 10. 
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Figure 10. Desired continuous-time impulse response of feedforward shaped compensator 
((rad/s)/(m/s)) 

To determine a discrete-time controller with sample period 0.0125 s, the continuous-time impulse 
response is sampled every 0.0125 s and multiplied by 0.0125 to yield the discrete-time controller 

n 2 1 −1pulse response. The transfer function then simply is b−nz . . . + b−2z + b−1z + b0 + b1z + 
−2b2z . . . + bnz−n, where bi is the value of the pulse response at sample i (at time 0.0125i), and 

here n = 400, because the pulse response starts 400 samples (5 s) before time 0. This feedforward 
controller transfer function can equivalently be written as follows. 

2n n+2 n+1 n n−1 n−2b−nz . . . + b−2z + b−1z + b0z + b1z + b2z . . . + bn
F (z) = 

zn 

This is an 800th-order non-causal FIR (finite impulse response) compensator. 

To actually implement this non-causal compensator, first its transfer function is multiplied by z−n , 
making it causal. The wind-speed input to this causal compensator is 5 s ahead of the blades, 
rather than directly at the blades. This is effectively a multiplication of the wind-speed input by 

−nzn, which cancels the z . This compensator then is gain scheduled exactly as described for the 
model-inverse feedforward controller. In this case, the low-pass filter is applied to the gain scheduler 
but not to the feedforward compensator input. This controller also originally was collective pitch. 
An individual-pitch version is designed by using three copies of the collective-pitch controller, one 
for each blade. There then are three separate wind-speed measurement inputs, 5 s ahead of each 
blade at 75% span. 

The shaped compensator idea also can be evaluated at different wind-preview lengths. In addition 
to the 5 s preview version, we consider 10/3 s preview and 5/3 s preview versions of the individual-
pitch shaped compensator. These were designed by shrinking the step response to 2/3 and 1/3 of 
its original length. 

18
 



4.5.3 Phasing Out individual-pitch Controllers 

As the wind speed drops below rated, the individual-pitch controllers are phased out of operation 
using the phase-out block shown in Figure 11. The lower blade-pitch limit for this turbine model 
is 0◦ . Without a phase-out block, as the wind speed drops below rated the controller causes the 
pitch of each blade to saturate at 0◦ . This causes a problem for independent pitch control because 
each pitch command is approximately sinusoidal at the rotational frequency of the turbine, and 
when the part of the sinusoid below 0◦ is cut off, the average pitch command becomes greater 
than desired, causing reduced rotor speeds and reduced power capture. At near-rated wind speeds, 
where part of the sinusoids are below 0◦, the phase-out block works to keep the average pitch at 
the correct value, and reduces the amplitude of each sinusoid until it just reaches but does not go 
below 0◦ . This is done in the individual-pitch feedforward controllers as follows. 

The phase-out block has a three-element vector input βin and three-element vector output βout, 
with one element for each blade pitch command. First, an instantaneous average of the three pitch 
commands is taken. 

βin(1) + βin(2) + βin(3) 
avg = 

3 
The difference between that average and the pitch command farthest from that average at any 
given time is then taken. 

d = max(|βin(1) − avg|, |βin(2) − avg|, |βin(3) − avg|) 

Now d provides an approximate value of the amplitude of the three βin sinusoids but, as a function 
of time, it contains an undesirable ripple. Therefore it is fed into a low-pass filter and the output of 
the low-pass filter is increased by about 5% to match the peak rather than the center of the ripple. 
This gives an estimate of the current amplitude (amp) of the three commanded signals βin. The 
commanded signals then are passed through with the same average value, but with the amplitude 
scaled down so that it just reaches the 0◦ limit. 

βout = avg + (βin − avg) ∗ (avg/amp) 

Inputs and outputs to this process are shown in Figure 12. 

A different method was used in the baseline individual-pitch controller, taking advantage of the 
MBC transformation. In this case, the current amplitude is found as follows.  

amp = β2 + β2 
v h 

Where βv and βh are the vertical and horizontal components of commanded pitch signals. As done 
in the feedforward controller phase-out scheme described above, this amplitude then is scaled down 
so that it just reaches the 0◦ limit. Because the baseline individual-pitch controller is feedback 
and not feedforward, an additional complication also appears. Anti-windup must be added so that 
integrator windup does not occur in cases where the amplitude of the individual-pitch commands 
does need to be scaled down. 
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Figure 11. Phase-out block for individual-pitch control shown with 3-element vector input βin and 
output βout (F: feedforward control, C: feedback control, P: plant (wind turbine)) 

Figure 12. Sample input and output to individual-pitch control phase-out block
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4.6 Simulation Results 

All controllers were simulated in the above-rated and rated wind fields listed in Table 0.2 for the 
5-MW turbine. A comparison of structural loading measures, averaged over all wind fields, is 
provided in Figure 13. These measures include rms nacelle velocities and damage equivalent loads 
of blade and tower bending moments. Damage equivalent loads are calculated using code from 
NREL based on a rainflow-counting algorithm (Downing et al. [17]), also used in the NREL code 
CRUNCH and the Sandia code LIFE2, with a Wohler curve exponent of 10, typical for composite 
material. Note that the side-to-side tower-top rms velocity measure had initial transients that took 
much longer to settle than the others, sometimes more than 100 s. Only the first 99 s of each 
run were discarded to allow for settling, therefore this particular measure might not have actually 
increased as much as these plots show. 

On the left side of Figure 13, the three collective-pitch feedforward controllers are compared to the 
collective-pitch feedback-only baseline control. Although these controllers show a small reduction 
in blade-root loads at above-rated wind speeds, their overall performance is worse than that of the 
baseline controller. The two plots on the left also show that the baseline individual-pitch controller 
overall is an improvement over the baseline collective-pitch controller, at least at above-rated wind 
speeds. 

On the right side of Figure 13, the six individual-pitch feedforward controllers are compared to the 
individual-pitch feedback-only baseline control. Three of these are an improvement over baseline: 
IP Shaped 5 s Feedforward with CP Feedback, IP Shaped 10/3 s Feedforward with CP Feedback, 
and IP Shaped 5 s Feedforward with IP Feedback. These three designs each incorporate a preview 
measurement of the incoming wind speed at three points ahead of the turbine. These three designs 
also do not reduce power production, and even allow tighter regulation of power production and 
rotor speed, as can be seen in Figure 14 and Figure 15. Figures 14 and 15 also show that the 
feedforward controllers increase pitch rates but still operate within a limit of 8◦/s. Comparing the 
above-rated (AR) results to the near-rated (R) results, we see that more reduction of structural 
loads is possible in the AR case than in the R case, where pitch control often is limited by the 0◦ 

minimum. The next section covers the CART3 controllers and results. A discussion of both sets 
of results can be found in Section 6. 
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Figure 13. Structural loads comparison; the two left plots show that IP feedback is a big improve­
ment over CP feedback, greatly reducing blade-root loads; the two right plots show additional load 
reduction when 5 s or 10/3 s of preview feedforward is added to IP feedback or to CP feedback; 
the best controller is on the far right 
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Figure 14. Peak pitch rate, average power production, and peak rotor speed for above-rated wind 
fields; the box plots have lines at the lower quartile, median, and upper quartile values; a solid 
red line shows the mean (the median is a plotted with a black dotted line); the whiskers extend to 
the 10th and 90th percentiles; large black dots indicate the extent of the 5th and 95th percentiles; 
outliers are data with values beyond the dots; each dot is one of the 93 AR runs; the larger the 
number of sample runs, the narrower the notches in the sides of the boxes become; if one box’s 
notches do not vertically overlap with another box’s, this indicates with 95% confidence that the 
true medians of those two boxes do differ 
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Figure 15. Peak pitch rate, average power production, and peak rotor speed for rated wind fields; 
the box plots have lines at the lower quartile, median, and upper quartile values; a solid red line 
shows the mean (the median is a plotted with a black dotted line); the whiskers extend to the 10th 
and 90th percentiles; large black dots indicate the extent of the 5th and 95th percentiles; outliers 
are data with values beyond the dots; each dot is one of the 93 R runs; the larger the number of 
sample runs, the narrower the notches in the sides of the boxes become; if one box’s notches do 
not vertically overlap with another box’s, this indicates with 95% confidence that the true medians 
of those two boxes do differ 

24
 



5	 CART3 Disturbance Feedforward: Individual Blade Pitch using
Preview Wind Measurements 

5.1 Preview Control 

Preview control is most readily accomplished in discrete time in which time delays can be modeled 
as first-order shifts at the sample rate. This study takes the approach outlined in the article 
by Takaba [18] and augments the linearized, discrete-time plant model with chains of delays as 
described in Appendix A. This incorporates the delay between the measurement of wind speeds 
and their arrival at the turbine into the linearized, turbine model in the most straightforward 
fashion. The contents/measurements stored in the delay chains then are viewed as part of the state 
of the augmented plant as depicted in Figure 16 for a state-feedback controller. The state-feedback 
architecture provides a relatively uncomplicated case in which the effect of pitch-rate limitations 
can be investigated. 

Figure 16. State-feedback, preview controller: (a) linearized turbine augmented with states to 
model the delay between measured wind and its arrival at the turbine; (b) the complete, linear 
preview turbine model (green box) incorporates a simple actuator model. 

In this configuration the wind measurements are able to effect actuation before the wind impacts 
the turbine, so this truly is preview control. The design of the state (plant and preview) feedback 
gains can be accomplished with any desired approach. Without formulating some goal with respect 
to canceling the effect of the wind at the plant outputs or states, feedback from the preview states 
is not required (as would be the case for pole placement). Here we minimize the H∞ gain (Doyle 
et al. [19]) from the preview measurements wT (k) = [w1(k) w2(k) w3(k)] to the blade-root bending 
moments bT (k) = [b1(k) b2(k) b3(k)] with the additional constraint that the maximum vector pitch r 
rate βT (k) = [β1(k) β2(k) β3(k)] satisfy the following. r 
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βr(k)

T βr(k)
 ≤ γ2 (18)
max
 e2p
k

The performance level γe2p is a specified peak magnitude for the pitch-rate vector βr(k) for all wind 
perturbations w(k) with total square area bounded by unity. 

∞

w(k)T w(k) ≤ 1 (19) 
k=0 

As explained in the book by Skelton, Iwasaki, and Grigoriadis [20] and the article by Scherer, 
Gahinet, and Chilali [21], there are linear, matrix inequality (LMI) conditions guaranteeing these 
objectives that can be posed in a form that allows linear programming techniques to be applied. 
Given a state-space realization for the augmented turbine/actuator/delay system: 

x(k + 1) = Asys x(k) + Bsysw w(k) + Bsysp p(k), x(0) = 0 (20) 

0 

βr(k) = Csysr x(k) + Dsysrw w(k) + Dsysrp p(k) 

br(k) = Csysb x(k) + Dsysbw w(k) + Dsysbp p(k) 

a state-feedback gain K results in a closed loop satisfying (18) and having H∞ gain less than γe2e 

if there is a positive definite matrix P and a general matrix G satisfying the following two LMIs. 

⎤⎡ ⎣
 
Popt L L 
0 Iw L

γ2 
e2p

⎦
 > 0 (21)
 
CsysrPopt + DsysrpG Dsysrw Ir ⎡
 ⎤
 ⎢⎢⎣
 

Popt L L L 
0 Iw L L

L 
γ2 
e2eIm 

⎥⎥⎦
 > 0
 
AsysPopt + BsyspG Bsysw Popt 

CsysbPopt + DsysbpG Dsysbw 0 

Here, “L” represents the transpose of the corresponding block in the lower part of the matrix and 
Iw, Ir, and Im are identity matrices with dimensions compatible with w, βr, and br, respectively. 
The second of these inequalities follows quite quickly, starting from the discrete-time bounded real 
lemma (Vaidyanathan [22]) and a complete proof of the first LMI is given in Skelton et al. [20]. Once 
solutions P and G are found, a state-feedback gain is given by K = GP −1 . These inequalities are 
linear in the variables P and G, and solutions can be found using linear programming techniques. 

We compute solutions and the minimum achievable γe2e for these LMIs using a linear programming 
preprocessor YALMIP [23] and the semidefinite-quadratic-linear programming code SDPT3 [24]. 
Designs are computed for peak pitch-rate magnitudes γe2p from 7.7 to 19 deg/s (slightly greater 
than the peak rate for the CART3). Again, these are constraints on the magnitude of the pitch-rate 
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vector, but they correlate fairly well with peak, individual-pitch rates produced by the resulting 
closed-loop linear model in response to a collective step change in wind speed. 

Results are displayed in Figure 17. The plot on the left shows the open (black) and closed-loop (blue­
to-red) maximum singular value versus frequency, of the transfer function from wind perturbations 
to the blade-root bending moments—lower is better. Each closed-loop response shows the result 
using a different amount of preview as denoted by the color bar on the right (.05 sec to 0.75 sec). 
The same generous pitch-rate constraint γe2p of 15 deg/s was applied in optimizing each closed 
loop. As the preview time is increased, the peak, over frequency, of the singular values decreases 
with the largest improvement having taken place by about 0.40 s of preview. Beyond 0.45 s of 
preview there is a diminishing return. This also is evident in the plot on the right, which shows 
the H∞ gain achieved versus preview time for a family of pitch-rate constraints as indicated by 
the color bar on the right (2 deg/s to 19 deg/s). For moderate to aggressive (e.g. ≥ 12 deg/s for 
the CART3) pitch rates, there is very little improvement beyond 0.4 s. of preview. However, if the 
system is pitch-rate limited (say ≤ 8 deg/s), then additional preview beyond 0.75 s (the maximum 
used in this study) might provide still further decreases in the peak frequency response–though the 
performance achieved is nowhere near that obtained with greater pitch rates. 

Figure 17. Gain from wind perturbations to perturbations in blade-root, flap-bending moment for 
pitch-rate constrained, state-feedback preview controllers; (a) closed loop response of MBC based 
controllers (b) closed loop response of non-MBC controllers. 

An important mitigating factor that has not been considered in this study is the frequency range in 
which reducing the turbine’s response to wind disturbance inputs is most beneficial. In particular, 
no frequency weighting was used in augmenting the turbine model. For the purposes of design, 
filtering representative of the expected frequency content of wind disturbances could be added at 
the bending moment outputs in formulating the cost function. The important point being that, in 
the absence of frequency weighting the limit in achievable performance essentially is set by the high-
frequency gain from wind to blade-root bending moment. If little wind energy is expected at these 
frequencies, then de-emphasizing this range with output weighting could significantly affect the 
results–particularly where pitch-rate limitations are concerned. Better control (more attenuation) 
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might be achieved at lower frequencies within the bandwidth of the pitch actuator with appropriate 
weighting. 

5.2 Overview of Controllers 

The state-feedback controllers explored in the previous section are not realizable, and simply imple­
menting the feedback gains via an observer would not give the same closed-loop frequency response 
as true state feedback. For this reason, the controllers simulated are designed as dynamic-output 
feedback controllers but, essentially, the same preview augmentation technique is used in their de­
sign as explained in detail in Appendix B. Increasing the amount of preview entails increasing the 
order of the plant by the number of delays required for the desired preview length and then multi­
plying this again for each measurement that is previewed. The largest preview we were successfully 
able to design for was 0.45 s (9 delays) at a controller sample rate of 20 Hz (0.05 s/sample). With 
three preview wind measurements (one per blade) this translates into an additional 27 states in 
the plant model– needless to say, these are high-order controllers. Based on the state-feedback 
study, however, this length of time should be sufficient to gauge the benefits available from preview 
control. 

The controllers are designed using a linearized turbine model from FAST that includes degrees 
of freedom for the generator inertia, drivetrain compliance, and the first flap mode in each blade 
as summarized in Table 2. The wind conditions are set to be uniform across the rotor plane at 
18 m/s and the generator torque is set to rated, and FAST computes the steady-state response of 
the turbine and then linearizes the plant at multiple rotor positions. As explained in Appendices 
A and B, the average linear turbine model is further augmented so that the resulting controllers 
provide asymptotic rejection of 1P bending moments and integral control of rotor speed. To 
provide a baseline for comparison, we also simulate non-preview collective-pitch (CP) and MBC 
independent-pitch (IP) controllers as shown in Figure 18. Frequency responses of the baseline 
controller SISO loops are provided in Appendix B. 

The preview controllers are distinguished by several characteristics including that all controller 
inputs and outputs connect with the same controller-dynamics and that the turbine model is 
augmented with extra states to incorporate the preview delay. The combined feedforward-feedback 
compensation is designed simultaneously using the standard, generalized H∞ framework (Doyle 
et al. [19]). This results in a controller of the same order as the complete, augmented plant as 
depicted in Figures 19(a) and 19(b); no effort to reduce the controller order post-design is made in 
this study. 

FAST computes linearizations of the turbine model with respect to pitch and perturbations wsh 

in wind shear, but as shown in Figure 19, the wind measurements are used by the controller 
either directly as in 19(a) or immediately after the application of the MBC transformation as in 
19(b) without computation of shear. This is possible, because prior to design, the coefficients in 
the linearized model as computed by FAST with respect to shear perturbations are pre-scaled in 
accordance with (3) or with further application of the MBC-transformation so that the controllers 
can be based on the direct measurements [w1, w2, w3] of wind speed or their MBC transformed 
counter parts [wu, wc, ws]. Details are given in Appendix A. 

The preview controllers are optimized so that there are two controllers for each of the MBC and 
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Table 4. CART3 Controller Summary
 

non-MBC preview cases with moderate and slightly aggressive rms pitch rates as summarized in 
Table 4. Including the baseline controllers, this makes a total of six designs used in performance 
simulations. For comparison, the maximum singular value of the transfer function from wind 
perturbation to blade-root bending moment are shown in Figure 20 for the MBC controllers (on 
the left) and the non-MBC controllers (on the right). The intention was to have comparable control 
effort (as characterized by rms pitch rate) between the MBC and non-MBC cases, but the MBC 
controllers inadvertently were weighted for slightly better speed regulation. The non-MBC designs 
contain augmented dynamics to reject 1P bending moments and this is evident in the notch at 
0.7 Hz (41.7 rpm). The MBC designs were augmented to achieve similar rejection, but because 
of the MBC transformation, these controllers see 1P variation as a DC disturbance in the vertical 
and horizontal components and so they are designed/augmented to have asymptotic rejection at 0 
Hz. Note in both MBC and non-MBC cases, the amount of attenuation in the peak gain, over all 
frequencies, is better with larger pitch rates and that the peaks achieved are comparable between 
MBC and non-MBC preview controllers. The baseline, feedback-only controllers have significantly 
higher peaks. 

5.3 Simulation Results 

The six controllers are simulated in each of the 93 wind realizations obtained from TurbSim, de­
scribed under CART3 in Table 0.2. In every case, all degrees of freedom for the turbine model 
provided by FAST were enabled even though the controllers were designed for a reduced set of 
DOFs (see Table 2). The preview controllers are simulated twice in each wind condition. One sim­
ulation uses the rotating measurement scheme and the second uses wind speeds interpolated from 
stationary measurements. Recall that, when using stationary measurements, after MBC transform­
ing the individual stationary measurements the MBC controller uses the results directly, but the 
results must be interpolated for use with the non-MBC controller. The inaccuracy inherent in the 
stationary measurements still affects MBC and non-MBC controllers with the same degradation 
in performance. In either case, the measurements must reflect conditions local to the blades; the 
shear (or equivalent MBC) components experienced by the blades can be significantly different than 
those measured at the stationary locations. 
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Figure 18. Baseline controllers: collective-pitch controller (green); in implementation, the MBC 
path is absent during CP simulation whereas all blocks are in place during simulation of the MBC 
IP controller. 

Box plots of the results for pitch rate, generator power, and blade-root bending moment in the 
flap direction are provided in Figure 21 using data from all 93 simulations. The box indicates 
the median (notch center), mean (red belt), and first quartiles (box ends) from the median. The 
whiskers denote 5% and 95%, and the dots show outliers. When using rotating measurements, 
the preview controllers provide significant performance improvements when compared with the 
feedback-only collective-pitch (CP) and independent pitch (IP) baseline controllers. When using 
stationary measurements, however, the performance of the preview controllers degrades to less than 
that of the IP feedback-only controller. 

Damage equivalent loads are computed for blade-root bending moment and tower-base bending 
moment in the fore-aft and side-to-side directions. The RMS tower sway is also computed in 
the fore-aft and side-to-side directions. The percent change for each controller relative to the IP 
feedback-only baseline controller is indicated in the bar charts of Figure 22. The first controller 
on the left in both charts is the CP feedback-only controller, which has the same performance 
independent of the preview measurement technique (as does the baseline IP controller). All the 
metrics are defined so that lower always is better. 

As long as measurements accurately reflect conditions local to the blades (rotating measurements, 
left chart) relative to baseline, preview control provides significant improvement in the root-flap 
moment (dark blue) which the controllers were designed to mitigate. In particular, the use of 
preview control decreases loading by more than 20%. When there are errors in wind measure­
ments (stationary measurements, right chart), the preview performance in the flap-moment metric 
increases loading by more than 10% in some cases. 

The controllers are not designed to mitigate tower motion but, in the case of tower side-to-side 
motion, blade flap appears to be correlated in such a way that mitigation of root loads also reduces 
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Figure 19. Dynamic output feedback, preview controllers: (a) non-MBC controller; (b) MBC con­
troller. 
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Figure 20. Gain from perturbations in wind to perturbations in blade-root, flap-bending moment for 
several amounts of preview: (a) MBC preview controllers; (b) non-MBC controllers. 

side-side loading. Somewhat unexpectedly, the use of preview results in significantly worse perfor­
mance than feedback-only with respect to tower loads in the fore-aft direction (green bars). It is 
unclear why decreasing flap loads should not also decrease fore-aft tower loading. 

Overall, the potential performance improvements with preview control are significant. In order to 
realize these advantages careful consideration of the shortcomings in the measurement system and 
the expected frequency content of the wind must be taken into account during design. As explained 
in the overview of the controllers, in this study no special consideration was made with respect to 
either of these factors–this is a topic for future work. 
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Figure 21. Summary of results for all 93 simulations: top left— rms pitch rate; lower left— average 
generator power; top right— rms blade-root bending moments; lower right— maximum blade-root, 
flap-bending moment. 

Figure 22. Load Metrics relative to feedback-only, independent pitch (IP): left plot— percent in­
crease relative to baseline using rotating measurements; right— percent increase relative to base­
line using stationary measurements. 
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6 Discussion, Conclusions, and Future Work
 

6.1 Conclusions on Controller Studies for the 5-MW Turbine 

This report presents results of an initial study of feedforward blade-pitch control when added to 
standard feedback control. Two baseline feedback controllers, three collective-pitch feedforward 
controllers, and five individual pitch feedforward controllers were designed. Various combinations 
of these feedback and feedforward controllers were evaluated on a nonlinear 5-MW wind turbine 
model using realistic wind fields representative of the Great Plains region in the United States, 
with above-rated and rated wind conditions. A method for phasing out individual pitch control as 
wind speeds become less than rated also was developed. 

For collective-pitch feedforward controllers with no preview, three possible wind-speed inputs were 
compared. An average of wind-speed measurements over five points in space performed much 
better than a single hub-height-only wind-speed measurement. It appears, however, that the best 
input would not come from either of these LIDAR-based methods, but instead from a wind-speed 
estimate based only on generator speed, generator torque, and blade pitch—but such estimates 
cannot provide preview wind estimates. 

When the collective-pitch feedback baseline controller is augmented with any of the collective-pitch 
feedforward controllers, the overall performance (in terms of loads and power production) is worse 
than when using the collective-pitch feedback baseline controller alone. 

Two of the shaped individual-pitch feedforward controllers (IP shaped 5 s feedforward and IP 
shaped 10/3 s feedforward) show an improvement better than the individual-pitch feedback-only 
baseline. The optimal preview time was between 3 s and 5 s, but this is specific to the shaped 
controller design and might not be true in general. 

Future work includes investigating other types of feedforward control approaches, including non-
causal series expansion (Gross et al. [25]) and Preview Control (Tomizuka et al. [26]) techniques. 
These methods allow for a varying preview time, which is advantageous because—due to various 
hardware implementation issues—it is preferable for LIDARs to be set to measure wind speeds from 
a fixed distance away. Therefore, the available preview time will vary as the wind speed varies. A 
non-causal series expansion is a model-inverse method that might be superior to those presented 
in this report because it can utilize longer preview times. Preview Control includes a cost function 
that allows explicit minimization of rotor-speed error, loads, and pitch rate. 

6.2 Conclusions on Controller Studies for CART3 

For this study, preview controllers were designed and compared against baseline non-preview 
collective-pitch and independent-pitch controllers for load mitigation in above-rated wind con­
ditions. The controllers were augmented to provide integral control of rotor/generator speed and 
asymptotic rejection of 1P variations in blade-root bending moments. This biased the controllers 
to mitigate these specific narrow-band disturbances but, otherwise, no weighting or foreknowledge 
of wind-frequency content or of measurement characteristics was brought to bear in the design. 

The results show that preview control can provide significant improvements in load mitigation. 
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The amount of improvement, however, is directly affected by available pitch rate and the accuracy 
of wind measurements. In turbulent conditions where shear is not uniform, the use of preview 
measurements that do not reflect conditions local to each blade actually can reduce performance to 
less than that attained using control based only on feedback of turbine measurements. It appears 
that the amount of deterioration is dependent on the aggressiveness of the controller and the 
frequency range in which measurements provide the best accuracy. Even the simple interpolation 
scheme of the stationary measurements that is used in this study retained some accuracy at lower 
frequencies in turbulent conditions. 

Originally, we thought that MBC might provide some insulation against measurement errors be­
cause it is based on non-rotating components of blade variables. In particular, it was hoped that 
MBC might work well with the much simpler stationary measurements. Results show that this is 
not the case. In turbulent conditions, the “local” shear or equivalent MBC components of the wind 
can vary significantly as the blades are positioned within the rotor disk at different azimuths. 

Simulation results show that without further consideration, handling of measurements, or optimiza­
tion of the controller to account for the errors that simpler measurement schemes can produce, the 
advantages of wind measurements can be greatly diminished. When conditions become turbulent 
enough, as in the CART3 simulation conditions, it might be better to stop using preview control 
when using measurement techniques that are less accurate than the rotating scheme. This turned 
out to be the case for both MBC and non-MBC controllers. In more uniform less turbulent con­
ditions, however, we still expect that the use of measurements simpler than a rotating scheme can 
be beneficial for both MBC and non-MBC controllers. Further, when wind variation largely is due 
to linear shear and uniform perturbations, MBC can provide a significant advantage in that the 
rejection of 1P variation in bending moments can be accomplished independent of rotor speed and 
with simpler controller dynamics. 

The sensitivities to measurement error in turbulent conditions might be mitigated by more effort 
in three areas. 

•	 Controller optimization should take into account the expected spectral content of wind dis­
turbances. 

•	 If it is known that the wind measurements have poor accuracy within certain frequency ranges 
(e.g., high frequencies), then at least the feedforward section of the controller response should 
be muted at these frequencies to avoid actuation in response to noise. 

•	 The controller effort and, if possible, measurements should be matched to the available actu­
ator bandwidth. 

This study took into account actuator limitations only by weighting pitch rate during optimization 
to attain reasonable pitch rates. Other than specific augmentations to achieve rejection of DC 
speed errors and 1P bending moments, the controllers were not optimized to address any specific 
frequency range. As a result, the amount of attenuation achieved essentially was determined by 
the response of the turbine at higher frequencies. We expect that better performance and perhaps 
less sensitivity to measurement error can be attained by weighting the performance objective to 
de-emphasize higher frequencies. If the majority of wind energy is within the bandwidth of the 
actuator, then in the presence of measurement errors it still might be possible to retain much of 
the performance gain achieved with ideal measurements. 

35
 



6.3 Overall Conclusions 

Disturbance feedforward blade-pitch controllers were designed and simulated for both the 5-MW 
and CART3 wind turbine models. Blade and tower loads were reduced by more than 10% in the 
best 5-MW designs. In CART3 designs, blade loads were reduced by more than 30%, and tower 
loads were reduced by more than 10%. Load reductions are stated relative to an individual-pitch 
feedback-only baseline control, which itself is 20% to 30% better than industry standard collective-
pitch feedback-only control in terms of blade-root loads. These simulation results show that, given 
an accurate preview of the wind speeds that will hit the turbine blades, a significant reduction in 
wind turbine structural loads can be achieved. 
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Appendix 

A CART3 Turbine Models 

A1 CART3 Non-MBC Turbine Model 

The starting point for obtaining a turbine model is simulation and linearization using FAST at 
rated speed and torque. The salient features of the CART3 are summarized in Tables 1 and 2. The 
wind speed is set to 18 m/s uniform and FAST simulates the turbine to find periodic operating 
conditions; then FAST linearizes the turbine at a number of equally spaced rotor azimuths. We 
then use these linearizations to obtain an average state-space model. 

A linearized state-space model of the turbine 

ẋp = AF (θ)xp + [BF sh(θ) BFβ (θ)] 
wsh (A1)
β 

br CFb(θ) DF bsh(θ) DF bp(θ) wsh = xp + ,
Ωg CFg(θ) DF gsh(θ) DF gp(θ) β 

T T T Tis obtained from FAST at rotor azimuth θ where x = [x , x , v ] contains states representing the p t r r 
turbine fixed-frame degrees of freedom (DOF) and blade displacements xr and velocities vr. We 
augment this system with three, parallel, first-order, actuator models (see Figure 16) 

ẋar = Aar xar + Bap p (A2) 

β Cap Dap= xar + p,
βr Capr Dapr 

where βT = [β1, β2, β3] contains the pitch of each blade achieved by the actuators, βr contains the 
associated pitch rates and 

Aar = −30 · I3×3 Bap = 30 · I3×3 (A3) 

Cap = I3×3 Dap = 0 · I3×3 

Capr = −30 · I3×3 Dapr = 30 · I3×3. 

This system of actuators is then combined with the FAST linearization to get a composite state-
space system 

AF (θ) BFβ (θ) Cap BF sh(θ) BFβ (θ) Dap wsh ẋ = x + (A4)
0 Aar 0 Bar p ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ 

Ωg CFg(θ) DF gp(θ) Cap DF gsh(θ) DF gp(θ)Dap ⎣ ⎦ = ⎣ ⎦ x + ⎣ ⎦ wsh ,br CFb(θ) DF bp(θ) Cap DF bsh(θ) DF bp(θ)Dap p

βr 0 Capr 0 Dapr
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or more simply 

ẋ = A(θ)x + [Bsh(θ) Bp(θ)] 
wsh (A5)
p ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ 

Ωg Cg(θ) Dgsh(θ) Dgp(θ) wsh⎣ br ⎦ = ⎣Cb(θ)⎦ x + ⎣Dbsh(θ) Dbp(θ)⎦ , 
p

βr Cr(θ) Drsh(θ) Drp(θ) 

T T T T Twhere x = [xt , x , v , x ].r r ar

The only change we wish to make in this model for non-MBC design purposes is to have input coef­
ficients which are relative to equivalent blade local wind perturbations (and will have corresponding 
preview measurements). Recall (Section 3 equations (3) and (4)) that if the wind perturbation con­
sists of only uniform and shear components, then a transformation from the equivalent individual 
perturbations to the shear perturbations used by FAST is given by 

wsh = Mm2sT (θ)−1 wt, (A6) 

where the conversion Mm2s from MBC to shear perturbations and the basic MBC transform T (θ)−1 

are defined in equations (3) and (4), respectively. Here the wind input is denoted wT = [wt1, wt2, wt3]t 
to emphasize that this is the wind at the 75% span of each turbine blade; wT = [w1, w2, w3] is now 
reserved for the measurements out in front of the turbine. 

Now, a state-space model with input coefficients relative to perturbations in individual wind mea­
surements is obtained by substituting (A6) into (A5) to obtain 

⎡ 

ẋ ⎤ 

= A(θ)x + [Bsh(θ) Bp(θ)] ⎡ ⎤ ⎡ 

Mm2sT (θ)−1 

0 ⎤ 

0 
I 

wt 

p 
(A7) 

⎣ 
Ωg 

br 

βr 

⎦ = ⎣ 
Cg(θ) 
Cb(θ) 
Cr(θ) 

⎦ x + ⎣ 
Dgsh(θ) 
Dbsh(θ) 
Drsh(θ) 

Dgp(θ) 
Dbp(θ) 
Drp(θ) 

⎦ Mm2sT (θ)−1 

0 
0 
I 

wt 

p 
, 

or simply 

ẋ = A(θ)x + [Bw(θ) Bp(θ)] 
wt (A8)
p ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ 

Ωg Cg(θ) Dgw(θ) Dgp(θ) wt⎣ br ⎦ = ⎣Cb(θ)⎦ x + ⎣Dbw(θ) Dbp(θ)⎦ . 
p

βr Cr(θ) Drw(θ) Drp(θ) 

Then, an average state-space system is obtained from the complete set of linearizations (A8) at N 
azimuth angles θi by computing, for example 
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N01 
A = A(θi). (A9)

N 
i=1 

A2 CART3 MBC Turbine Model 

The MBC transform is used on each degree of freedom (DOF) that rotates with the turbine blades as 
a function of azimuth θ. Loosely speaking, the transform computes the cosine and sine coefficients of 
the 1P variation in the rotating variables. The basic transform is defined in terms of displacements; 
each DOF that rotates with or is inherently part of a blade has a displacement/state xi. The goal 
is to express the differential equation (A5) for the linear system in states/coordinates that do not 
rotate with the blades. This is accomplished by expressing the rotating states as a function of their 
MBC/non-rotating counter parts. The rotating state xr is given by the inverse MBC transform of 
corresponding non-rotating components xT = [xu, xc, xs] according to nr 

xr = T (θ)xnr. (A10) 

Each DOF in a mechanical system also has an associated velocity vi = ẋi which requires computa­
tion of 

ẋr = Ṫ (θ)Ω xnr + T (θ)ẋnr, (A11) 

where Ω = θ̇ is the rotor speed. So, the second-order transformation to the rotating DOFs is given 
by 

xr 

vr 
= 

T (θ) 
Ṫ (θ)Ω 

0 
T (θ) 

xnr 

vnr 
(A12) 

where vnr = ẋnr and 

⎡ ⎤ 
0 − sin(θ) cos(θ) 

Ṫ (θ) = ⎣0 − sin(θ + 2π 
3 ) cos(θ + 2π 

3 )
⎦ . (A13) 

0 − sin(θ + 4π 
3 ) cos(θ + 4π 

3 ) 

This transformation must be replicated for each rotating degree of freedom. For the sake of sim­
plicity, we assume there is only one rotating DOF in the turbine model, but we add the three, 
parallel, first-order models of the pitch actuators that rotate with the blades. Including these as 
part of the rotating system requires that we modify the transformation to 

⎡ ⎤ ⎡ ⎤⎡ ⎤ 
xr T (θ) 0 0 xnr ⎣ vr ⎦ = ⎣Ṫ (θ)Ω T (θ) 0 ⎦⎣ vnr ⎦ , (A14) 
xar 0 0 T (θ) xanr 
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where xar contains the pitch angles produced by the three actuators and xanr contains the uniform, 
cosine and sine components of the pitch in the non-rotating frame. This completes the transfor­
mation between non-rotating and rotating states. Now, recalling that all the other (non-rotating) 
turbine states are lumped into the vector xt, the complete (non-dynamic) MBC state transformation 
is given by 

⎤⎡⎤⎡⎤⎡ 
xt I 0 0 0 xt ⎢⎢⎣
 
xr 

vr 

⎥⎥⎦
 =
 
⎢⎢⎣
 
0 T (θ) 0 0
 
0 Ṫ (θ)Ω T (θ) 0
 

⎢⎢⎣
 
⎥⎥⎦
 

xnr 

vnr 

⎥⎥⎦
 (A15)
 

xar 0 0 0 T (θ) xanr 

x = M(θ)x̂. 

We now make use of (A15) to derive the state-space representation of the linear differential equation 
in non-rotating/MBC coordinates. This is accomplished by first taking the time derivative of both 
sides of (A15), 

⎤(A16) 

ẋt 0 0 0 0 xt I 0 0 0 ẋt 
⎡⎤⎡⎤⎡⎤⎡⎤⎡ ⎢⎢⎣
 

ẋr 

v̇r 

⎥⎥⎦
 =
 
⎢⎢⎣
 
0 Ṫ (θ)Ω 0 0
 
0
 ¨ T (θ)Ω2 + Ṫ (θ)ΩΩ̇ Ṫ (θ)Ω 0
 

⎢⎢⎣
 
⎥⎥⎦
 

xnr 

vnr 

⎥⎥⎦
+
 
⎢⎢⎣
 
0 T (θ) 0 0
 
0
 Ṫ (θ)Ω
 T (θ) 0
 

⎢⎢⎣ 
⎥⎥⎦ 

ẋnr 

v̇nr 

⎥⎥⎦
 

ẋar 0 0 0 Ṫ (θ)Ω xanr 0 0 0 T (θ) ẋanr ⎤⎡⎤⎡⎤⎡⎤⎡ 
0 0 0 0 xt I 0 0 0 ẋt 

=
 
⎢⎢⎣
 
0 Ṫ (θ)Ω 0 0
 
0
 ¨ T (θ)Ω2 2Ṫ (θ)Ω 0
 

⎢⎢⎣
 
⎥⎥⎦
 

xnr 

vnr 

⎥⎥⎦
+
 
⎢⎢⎣
 
0 T (θ) 0 0
 
0 0 T (θ) 0
 

⎢⎢⎣
 
⎥⎥⎦
 

ẋnr 

v̇nr 

⎥⎥⎦
 

0 0 0 Ṫ (θ)Ω xanr 0 0 0 T (θ) ẋanr 

d¯ ˆẋ = M(θ)x̂ + Md(θ) x,
dt 

where
 ⎤⎡ 
0 − cos(θ) − sin(θ)
 

¨
 T (θ) =
 ⎣
 2π 2π− cos(θ + ) − sin(θ +3 )
⎦
0
 , (A17)
3 
4π 4π0 − cos(θ + ) − sin(θ + )3 3 

and simplifications (to get the diagonal matrix Md(θ)) are obtained by assuming Ω̇ = 0 and utilizing 
the fact that ẋnr = vnr. Equating this result with the right hand side of (A5), substituting in (A15) 
for x and solving for the time derivative of x̂ gives 
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d
Md(θ)

−1 ¯ x + M−1 x̂ = A(θ)M(θ) − M(θ) ˆ (θ)[Bsh(θ) Bp(θ)] 
wsh (A18)

dt d p 

d Mm2s 0 wmbc x̂ = Md(θ)
−1 A(θ)M(θ) − M̄(θ) x̂+ M−1(θ)[Bsh(θ) Bp(θ)]

dt d 0 T (θ) pnr 

wmbc = AMBC (θ)x̂ + [BwMBC (θ) BcMBC (θ)] ,
 
pnr
 

where we have used the conversion Mm2s from MBC wind components to shear wind components 
that was defined in (3) and also converted from individual/rotating pitch commands to non-rotating 
pitch commands via p = T (θ)pnr. In a similar fashion for the outputs, we obtain 

(A19) ⎡ ⎤ ⎡ ⎤⎡ ⎤ 
Ωg I 0 0 Cg(θ)
 ⎣brnr ⎦ = ⎣0 T (θ)−1 0 ⎦⎣Cb(θ)⎦ M(θ)x̂
 
βrnr 0 0 T (θ)−1 Cr(θ)
 ⎡ ⎤⎡ ⎤ 

I 0 0 Dgsh(θ) Dgp(θ) 0Mm2s wmbc+ ⎣0 T (θ)−1 0 ⎦⎣Dbsh(θ) Dbp(θ)⎦ 
0 T (θ)

0 0 T (θ)−1 Drsh(θ) Drp(θ) 
pnr ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ 

Ωg CgMBC (θ) DgwMBC (θ) DgbMBC (θ) wmbc⎣brnr ⎦ = ⎣CbMBC (θ)⎦ x̂+ ⎣DbwMBC (θ) DbpMBC (θ)⎦ .
 
pnr
βrnr CrMBC (θ) DrwMBC (θ) DrpMBC (θ) 

An average MBC state-space system is obtained from the complete set of linearizations in the same 
manner as for the non-MBC case, e.g., 

N01 
AMBC = AMBC (θi). (A20)

N 
i=0 
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B CART3 Controller Design 

Time delay is modeled in the most straight forward fashion in discrete time so the starting point 
for design is conversion of the models in previous sections to discrete time. We use a zero-order 
hold equivalent (Franklin et al. [27]) and take the liberty of using the same variable names as in the 
continuous time realization. Then, the controllers are designed by first augmenting the discrete-
time, linear model with delays matching the desired preview time so that the time span between 
the measurement of wind and its arrival at the turbine is incorporated into the model. The model 
is further augmented so that the closed loop has the desired asymptotic properties with respect 
to the blade-root bending moments and rotor speed. Plant outputs are selected for performance 
objectives as required for the standard H∞ framework for use with the robust control toolbox in 
Matlab� . The following sections briefly document the construction of the augmented, generalized 
plant and its weighted version for H∞ design. 

B1 CART3 Non-MBC Preview Controller 

Assume that the continuous-time state-space system from the previous section has been converted 
to discrete time to obtain 

wt(k)x(k + 1) = Ax(k) + [Bw Bp] (B1)
p(k) ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ 

Ωg(k) Cg Dgw Dgp wt(k)⎣ br(k) ⎦ = ⎣Cb
⎦ x(k) + ⎣Dbw Dbp

⎦ , 
p(k)

βr(k) Cr Drw Drp 

where the wind at the turbine wt(k) is either w(k) or wnr(k) depending on whether or not the 
non-MBC/rotating or MBC/non-rotating model is being used. The first step in preview control 
design is to augment this state-space model with delay chains to incorporate, as part of the turbine 
model itself, the time span between measurement of wind w and its arrival at the turbine wt. Say, 
for example, the amount of preview is three samples, then a state-space realization of this delay is 

⎡ ⎤ ⎡ ⎤ 
0 0 0 1 

xwi(k + 1) = ⎣1 0 0⎦ xwi(k) + ⎣0⎦ wi(k) (B2) 
0 1 0 0 

wti(k) = [0 0 1] xwi(k), 

where the measured wind is w(k) and we use one delay chain per measurement/blade (i = 1, 2, 3). 
When these realizations are put in parallel, a composite system with state xT T T T= [xw1, xw2, xw3] is W 
denoted as 

xW (k + 1) = AD xW (k) + BD w(k) (B3) 

wt(k) = CD xW (k). 
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Now, assuming the wind does not change en route to the turbine, an accurate model which includes 
the delay between measurement and arrival is 

x(k + 1) A BwCD x(k) 0 Bp w(k)
= + (B4)

xW (k + 1) 0 AD xW (k) BD 0 p(k) ⎤⎡⎤⎡⎤⎡ 
Ωg(k) Cg DgwCD 0 Dgp ⎥ w(k)⎥⎦ (k)p
w(k) 0 0 I 0 

Note that the vector of wind measurements w(k) have been fed through as an additional system 
output. This is done because the preview controller has access to this vector as a system mea­
surement and it is essentially treated the same as the other feedback signals in the H∞ design 
process. 

It is desired to have integral control on generator speed error and rejection of 1P variations in the 
blade-root bending moments. So, the average model is augmented with an integral/accumulator of 
perturbations Ωg(k) in generator speed 

xs(k + 1) = xs(k) + Ωg(k) (B5) 

Ωgs(k) = xs(k), 

and also with second-order dynamics that oscillate at the 1P frequency ω1p. A realization of a 1P 
oscillator is 

0 −ω1p 0 
ẋ1p = x1p + u (B6)

ω1p 0 1 

ys1p 1 0 
= x1p. yc1p 0 1 

Both states of the 1P dynamics are made available as outputs; the controller will have access 
to both, but the ys1p output will be made part of the cost. Denote the discrete-time, parallel 
combination of three of these systems as 

x1P (k + 1) = A1px1P (k) + B1p br(k) (B7) 

mrs(k) C1ps= x1P (k), mrc(k) C1pc 

⎢⎢⎣
 
⎥⎥⎦
 

⎢⎢⎣
 
⎥⎥⎦
 

⎢⎢⎣
 
br(k) Cb DbwCD x(k)
 0 Dbp+
=
 .
 
βr(k) Cr DrwCD xW (k) 0 Drp 

where the input vector br(k) is the turbine root bending moments and mrs and mrc hold the ys1p 

and yc1p outputs, respectively, for the three parallel systems. Now, with these new outputs and 
additional dynamics, the augmented turbine model is given by 
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⎤⎡⎤⎡⎤⎡⎤⎡ 
x(k + 1) A BwCD 0 0 x(k) 0 Bp ⎢⎢⎣
 
xW (k + 1) 
xs(k + 1)
 

⎥⎥⎦
 =
 
⎢⎢⎣
 

0 AD 0 0 
Cg DgwCD 1 0 

⎢⎢⎣
 
⎥⎥⎦
 

xW (k) 
xs(k)
 

⎥⎥⎦
+
 
⎢⎢⎣
 

⎥⎥⎦
 
BD 0 
0 Dgp 

w(k) 
(B8)

p(k)
 
x1P (k + 1) ⎡ ⎤ 

B1p Cb ⎡ 
B1p DbwCD 0 ⎤ 

A1p x1P (k) ⎡ 
0 ⎤ 

B1p 

Ωg(k) Cg DgwCD 0 0 0 Dgp 

Dbp 

⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

=
 

⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

0 0 1 0
 
Cb DbwCD 0 0 
0 0 0 C1ps 

0 0 0 C1pc 

Cr DrwCD 0 0 

⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

+
 

⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

0 0
 
0 Dbp 

0 0
 
0 0
 
0 Drp 

⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

⎤
⎡
 
x(k)
 

Ωgs(k) 
br(k) ⎢⎢⎣
 

⎥⎥⎦

xW (k) 
xs(k)
 

w(k)
 
p(k)
 

.
(k)
mrs

(k)
mrc x1P (k)βr(k) 
w(k) 0 0 0 0 I 0 

Finally, for the sake of completeness, we document the final two steps in the process of generalizing 
the average model for H∞ design. The plant outputs (with the exception of mrc and w) are 
duplicated and serve as the cost objective, and the original set of outputs (with the exception of 
the pitch rate βr) are made available for feedback to the controller. 

All the performance outputs are weighted by additional scalar factors except for the generator 
speed output which requires additional handling. Dynamics are added to this output to emphasize 
the drivetrain resonance at frequency Ωdt and thereby assure sufficient damping of this mode. We 
use a dynamic weight given by 

s/(0.2 · 2π) + 1 
wdt(s) = , (B9)

(s/Ωdt)2 + s/Ωdt/5 + 1

that has gain increasing from unity at 0.2 Hz with a 14 dB peak (a Q factor of 5) at the drivetrain 
resonance and then a 20dB/dec (decibels per decade) roll off thereafter. Denote a discrete-time 
realization of this weighting function by 

xdt(k + 1) = Adtxdt(k) + BdtΩg(k) (B10) 

Ωgw(k) = Cdtxdt(k), 

and let [Kdt,Ks,Km,Kpr] denote additional scalar weights for the generator speed, integral of 
generator speed, and pitch rate, respectively. Define the vector of performance outputs as yp and 
the vector of feedback outputs as yf . Then, the final form of the generalized turbine model is 
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⎤⎡⎤⎡⎤⎡⎤⎡ 
x(k + 1) A BwCD 0 0 0 x(k) 0 Bp 

0 AD 0 0 0 BD 0⎢⎢⎢⎢⎣
 

xW (k + 1) 
xs(k + 1)
 
x1P (k + 1) 

⎥⎥⎥⎥⎦
 
=
 

⎢⎢⎢⎢⎣
 
Cg DgwCD 1 0 0 

B1pCb B1pDbwCD 0 A1p 0 

⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎦ 

xW (k) 
xs(k)
 
x1P (k) 

⎥⎥⎥⎥⎦
 
+
 

⎢⎢⎢⎢⎣
 
0 Dgp 

0 B1pDbp 

⎥⎥⎥⎥⎦
 

w(k)
 
p(k)
 

xdt(k + 1) BdtCg BdtDgwCD 0 0 Adt xdt(k) 0 BdtDgp 

⎤(B11) 

0 0 0 0 KdtCdt 0 0 
⎡⎤⎡⎤⎤⎡⎡ 

Ωgw(k) ⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

=
 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

0 0 Ks 0 0 
KmCb KmDbwCD 0 0 0 

0 0 0 C1ps 0 
KprCr KprDrwCD 0 0 0 
Cg DgwCD 0 0 0 
0 0 1 0 0 
Cb DbwCD 0 0 0 
0 0 0 C1ps 0 
0 0 0 C1pc 0 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

+
 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
 

0 0
 
0 KmDbp 

0 0
 
0 KprDrp 

0 Dgp 

0 0
 
0 Dbp 

0 0
 
0 0
 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
 

⎢⎢⎢⎢⎣
 

⎡
 

⎥⎥⎥⎥⎦
 

Ωgs(k) 
br(k) ⎤
⎡
 

x(k)
(k)
mrs

βr ⎢⎢⎢⎢⎣
 

⎥⎥⎥⎥⎦
 

(k)
 xW (k) 
xs(k)
 
x1P (k) 

⎤
yp(k)
 w(k)
 
p(k)
 

.
Ωg(k)yf (k) ⎢⎢⎢⎢⎢⎢⎣
 

⎥⎥⎥⎥⎥⎥⎦
 

Ωgs(k) 
br(k) xdt(k) 

(k)
mrs

(k)
mrc

w(k) 0 0 0 0 0 I 0 

H∞ optimization finds a dynamic, stabilizing, output-feedback controller 

p(k) = G · yf (k), (B12) 

that minimizes 

J(G) =

 ∞ 
k=0 yp(k)

T yp(k) ∞ 
k=0 w(k)

T w(k) 
. (B13) 

It can be shown that this is equivalent to minimizing the peak over all frequencies of the maximum 
singular value of the closed-loop transfer function from w to yp (Francis [28]). We use the robust 
control toolbox in Matlab� to find a near optimum controller for two different values of the pitch-
rate weight Kpr and thereby get controllers that have different rms pitch rates. 

Figure B1 shows the open-loop plant and weighted performance outputs. The augmented responses 
show that we require asymptotic rejection of DC speed at the generator (top plot) and 1P bending 
moments in the blade-root flap (center plot); the gain in the performance/cost at these frequencies 
is infinite. The lower plot shows that the weight applied to pitch is biased towards high frequencies 
and dominates (in terms of magnitude) the performance outputs. The blue “Pr W1” and red “Pr 
W2” weights result in rms pitch rates of about 7 deg/sec and 11 deg/sec respectively. The response 
with respect to the other blade local wind inputs is the same; although it is not apparent without 
seeing the response of blade 2 to disturbances at blade 1, the wind-to-bending moment responses 
are largely uncoupled. 
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B2 CART3 MBC Preview Controller
 

The procedure for design of the MBC preview controller is nearly identical to that used in the 
non-MBC case, except of course, that the starting point is the linearized, MBC turbine model 
(A18) and (A19). There are two additional significant caveats. The first is in implementation 
(see Figure 19(b)) where all the signals going into the controller need (if they are not already) to 
be transformed to non-rotating coordinates via T −1(θ), but the outputs of the controller need to 
be transformed back to rotating coordinates with T (θ). The second is that in the non-rotating 
frame, 1P variations appear as DC amplitudes in the cosine and sine components. The upshot 
being that in order to have asymptotic rejection of 1P bending moments, we only need to augment 
the system with integrators on the cosine and sine components as compared with the use of three 
second-order oscillating systems on the individual bending moments as in the non-MBC case. The 
use of MBC coordinates affords another significant advantage in this regard in that the rejection 
of 1P variations is accomplished independent of rotor speed. In the non-MBC case, the plant was 
augmented with dynamics which only oscillate at exactly ω1p and therefore only provide asymptotic 
rejection at that frequency. When rotor speed is not at the expected ω1p, then the ability of the 
non-MBC controller to attenuate 1P variation is diminished. Use of the MBC transform, which 
determines the amplitude (and phase) of the 1P variation spatially as a function of rotor position 
instead of speed, circumvents this problem. 

Again, the discrete-time, average, MBC turbine (+actuator) model is augmented with delays equal 
to the desired preview. However, in this case, the input to the delays is a measure of the non-
rotating (MBC transformed) components of the wind in front of the turbine. The turbine model is 
also augmented with integrators on the cosine and sine components of blade-root bending moment, 
and the same performance weighting on the generator speed output (this output is in the non-
rotating frame so it is the same in MBC and non-MBC cases). 

We spare the reader from another derivation that would be nearly identical to the one presented 
for generalizing the non-MBC turbine. Instead, we simply state that the generalized MBC turbine 
model can be obtained from (B11) by replacing non-MBC matrices with their MBC counterparts, 
removing the mrc output, and replacing the state-space realization {A1p, B1p, C1p} for three parallel, 
second-order 1P oscillators with the simpler realization {I2x2, I2x2, I2x2} for two parallel accumu­
lators. This serves to augment the MBC model with accumulators on perturbations in the cosine 
and sine components of the non-rotating bending moment. 

Figure B2 shows the plant open loop and weighted performance outputs except for pitch rate which 
is displayed in Figure B3. Unlike the non-MBC plot in Figure B1 which shows the response from 
only one input, we show the response from all MBC inputs to all outputs. This serves to illustrate 
that the collective channel is significantly different than the vertical and horizontal channels and to 
show that the system is to a large extent diagonal. That is, the collective output is very insensitive 
to vertical and horizontal perturbations (and vice-versa); the vertical and horizontal outputs are 
uncoupled except at frequencies greater than 1 Hz. The same observations with respect to coupling 
can be made upon viewing the MBC pitch model response in Figure B3. As was the case for the 
non-MBC design, the blue “W1” and red “W2” weights result in rms pitch rates of about 7 deg/sec 
and 11 deg/sec respectively. 
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B3 CART3 Non-Preview Baseline Controllers 

We conclude with bode plots of the non-preview controller loops shown in Fig. B4. These are 
very conservative PI controllers designed with bandwidths that hopefully minimize the amount of 
bending moment generated during speed regulation and also prevent the vertical and horizontal 
MBC loops from coupling. 
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Figure B1. Non-MBC Performance Output Weighting: in all cases, larger response /more weight 
implies better attenuation in closed loop; top two plots— response to blade 1 local wind distur­
bances; top— weighting on the generator speed output; center— weighting on blade-root bending 
moments; bottom— weighting on the pitch actuator outputs. 
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Figure B2. MBC Performance Output Weighting: in all cases, larger response/more weight implies 
better attenuation in closed loop; top row— generator speed weighting; lower three rows— MBC 
collective, vertical, and horizontal bending moment component weighting respectively. 

Figure B3. pitch-rate weighting: in all cases, larger response/more weight implies less pitch in 
closed loop. 
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Figure B4. Baseline loop responses: (a) Collective pitch to generator speed; (b) vertical-to-vertical 
and horizontal-to-horizontal loops. 
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