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ABSTRACT

The research presented in this thesis centers around the use of Light Detection and 

Ranging (LIDAR) systems with different wind turbine control schemes to decrease 

mechanical component loads without decreasing generated power. The ultim ate goal 

was extreme event control, namely to prevent emergency shutdowns caused by rotor 

overspeed, which required several preliminary steps.

The first step was to explore how LIDAR could be incorporated into Disturbance 

Accommodating Control (DAC). It was found tha t replacing the DAC’s wind speed 

estimate with the LIDAR measurement did not improve controller performance for 

the selected metrics. W hen the LIDAR measurement was used directly as the distur

bance state, the rotor speed was not well regulated across the region of operation. A 

second option is to use the LIDAR measurement to improve the state  and disturbance 

estimators. In this configuration, the rotor speed was well regulated, but the output 

estim ator error ey was unacceptably high.

Gain scheduling was another area with potential for LIDAR driven improvements, 

since the LIDAR measurement of wind speed can be used as the scheduling variable. 

When comparing the use of the blade pitch angle or the measured wind speed as 

the scheduling variable in gain scheduling, it was determined th a t scheduling off of 

the blade pitch angle provided better rotor speed regulation and significantly reduced 

the number of overspeeds compared to no gain scheduling or gain scheduling on the 

measured wind speed.

After performing the DAC and gain scheduling analysis, the research focus moved 

to its ultim ate goal of preventing rotor overspeed. In order to prevent overspeed, a 

switching controller was devised tha t consisted of a DAC based baseline controller and 

a different DAC linearized about a reduced generator speed for extreme events, also



referred to as an Extreme Event Controller (EEC). Switching between the controllers 

was performed using linear interpolation over various transition times, depending on 

how early the extreme event could be detected. If a gust of wind was detected using 

LIDAR measurements evaluated by a one-sided Cum ulative SUMmation (CUSUM) 

algorithm, a relatively long transition time could be used. W hen switching was based 

on a large output estim ation error €y, a short transition time was required to switch 

to the EEC. Once the extreme event had passed, determined by both the generator 

speed estimation error and the CUSUM analysis falling below preset values, control 

was switched from the EEC back to the baseline DAC. Using the switching controller 

resulted in fewer overspeeds when compared to the modified baseline controller, a 

gain scheduled DAC. By preventing overspeeds, the switching controller increased the 

mean power the wind turbine generated over a simulated 10 minute period. Switch

ing had little im pact on the fatigue loads of the blades, but unnecessary switching 

increased the overall tower fore-aft loads.
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CHAPTER 1 

INTRODUCTION

W ind power is fast becoming a viable contender in the field of energy generation. 

Since the introduction of the first commercial wind power plant located in the U.S. 

in 1980, the price of wind power has undergone a sharp reduction [1]. In 2001, a 

study showed th a t under reasonable predictions for the price of natural gas, a wind 

power plant would be more cost effective than  a new natural gas power plant [2]. In 

order for wind power to become more competitive, the price of wind energy needs 

to decrease. There are numerous methods of decreasing the price, such as increasing 

the efficiency, increasing the capacity factor, and decreasing the amount of materials 

used. Load reduction is particularly im portant for large wind turbines since they are

more susceptible to larger loads. In order to increase the lifetime of a wind turbine,

and thus decrease the overall cost of wind energy, load reduction needs to occur.

In any wind turbine operation there are two primary regions of operation [3]:

•  Region 2, where the power production tracks the wind speed

• Region 3, where the power production is regulated to a rated power

Figure 1.1 shows an example of these regions. Region 2 actuation is characterized by 

fixed pitch and variable generator torque. Control in Region 2 is aimed at maximizing 

aerodynamic efficiency. In Region 3, which is the focus of this thesis, the actuation is 

primarily variable blade pitch angle, with generator torque kept near constant. The 

controller in Region 3 reduces the cost of wind energy through the reduction of loads 

while m aintaining the rated generated power.

An example of an event th a t causes large loads on the turbine structure is an 

emergency stop. An emergency stop occurs under several different conditions, one

1
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Figure 1.1: Prim ary regions of wind turbine operation for a 600-kW turbine, where 
Region 2 is characterized by variable speed and Region 3 includes operation at rated 
power.

of which is rotor overspeed. In this instance, the rotor begins to spin too rapidly, 

causing a supervisory controller to issue an emergency stop to protect the turbine [4]. 

Since the wind turbine must be restarted, often manually, after an emergency stop 

occurs, preventing emergency stops increases the amount of energy extracted from 

the wind.

1.1 U se  o f  L ID A R  in  W in d  T u rb in e C on tro l

Much research has been done on the reduction of loads in wind turbines for Re

gions 2 and 3. W ith the availability of cheap fiber optics from the telecommunications 

industry [5], the use of Light Detection and Ranging (LIDAR) systems to measure 

the incoming wind speed has become a feasible option for use in wind turbine control. 

Some of the research on incorporating LIDAR into wind turbine control systems has 

focused on load m itigation in Region 3. This research can be broken up into two 

main categories: a feedforward controller with an independently designed feedback

Region 2

Wind 
Power

Region 3

Turbine Power

High wind 
cut out
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controller, and an integrated design of the feedforward and feedback controllers.

Feedforward
Controller

FF

Measured 
(Wind Speed
Om)

LIDAR
Wind 
Speed (w )

Feedback
Controller

FB

Commanded Blade
Pitch Angle (0 )

Generator

Wind Turbine

speed (y )

Figure 1.2: The basic configuration of using feedforward control with LIDAR to 
compensate for the disturbance effects of the wind.

When a feedforward controller receiving LIDAR wind speed measurements is used 

in conjunction with a feedback controller, as shown in Figure 1.2, there are several 

ways of designing the controller. Ideally, the transfer function Tw from the wind to 

the output is known and transfer function T; from the blade pitch input 6 to the 

generator speed output is also known and invertible. In this case, the feedforward 

control F F  can be designed as [6]

F F = - T r 1Tw. (1.1)

Since the wind turbine is a complex system, the necessary transfer functions may not 

be known or invertible and other techniques must be used to cancel the affects of the 

wind disturbance.

One m ethod of designing the control law when Tw is not known is to adaptively 

adjust the feedforward controller F F  using the measurement from the LIDAR. In 

this case, the feedforward controller’s inputs are the measured wind speed and the 

rotor speed. Wang et. al. demonstrated such an approach through the use of a finite 

impulse response feedforward controller F F  adjusted using filtered-x recursive least 

squares [7]. It was shown tha t this m ethod decreased fatigue-related turbine loads

3



even when the LIDAR sampling rate was as low as 1 Hz.

Another model inverse technique is non-causal series expansion. This technique 

takes an unstable model inverse and replaces all unstable poles with their equivalent 

Taylor’s series expansion, creating a non-causal system. Dunne et. al. created a 

feedforward controller with two parts: the non-causal series expansion to minimize 

blade root bending loads, and a look-up table for steady state rotor speed control [8]. 

Simulation showed a reduction in the blade loads but an increase in the tower loads.

Another m ethod proposed by Schlipf et. al. in [6] is to use the measured wind speed 

to determine the static value of the blade pitch angle necessary to reject the wind 

disturbance and using the feedback controller to control the dynamic rotor speed. 

The LIDAR measurement wasn’t  the only input into the F F  controller. In addition 

to the LIDAR measurement, a 2nd order dynamical model of the system used the 

input of the measured wind speed, the current rotor speed, and the blade pitch angle 

to determine the rotor effective wind speed. This calculated wind speed was then 

used to determine the static blade pitch angle. Schlipf et. al. showed this feedforward 

method reduced rotor speed variance and tower fore-aft loads when combined with a 

variable time delay on the feedforward term  [6].

Another category of controllers utilizing the feedforward measurements is model 

predictive controllers. Since model predictive controllers plan the future control sig

nals using predicted disturbances, a logical extension is the use of available LIDAR 

measurements in addition to disturbance estimates. Laks et. al. showed th a t such 

controller improved performance even in the case of large wind speed measurement 

errors compared to a feedback only independent pitch controller [9].

The work presented in this thesis differs from previous work using LIDAR for wind 

turbine control in two main ways. One being that the feedforward component is not 

designed independently of the feedback component. Instead, through the use of DAC, 

the disturbance rejection is done by estimating the disturbance, which is affected by

4



the estimation of the generator speed output y. The other key difference is this work 

focuses on the detection of extreme events and a possible way of preventing rotor 

overspeed whereas the previous work cited above focused on the reduction of fatigue 

during normal Region 3 wind turbine operation.

Various tests have been done to confirm the feasibility of using the LIDAR mea

surements in field-based wind turbine controllers. Harris et. al. showed th a t LIDAR 

can be used to determine the wind speed in front of a wind turbine even in very 

turbulent wind flow [5]. Mikkelsen et. al. showed tha t a hub mounted continuous 

wave LIDAR provided accurate wind measurements when compared with wind mea

surements of a cup-anemometer mounted on a met tower [10].

Taylor’s frozen wind field hypothesis, which is assumed true for many LIDAR- 

based wind turbine controllers, states th a t the turbulent structure of the wind stays 

constant and is transported towards the turbine according to the mean wind velocity 

[11]; in other words, the wind does not evolve and LIDAR-measured wind structures 

will reach the turbine intact. This hypothesis is equivalent to there being no evolution 

in the wind once it is measured. Figure 1.3 gives an example of Taylor’s frozen 

hypothesis. The average wind speed is 18 m /s, so the turbulent wind tha t is 54 m 

upwind of the turbine reaches the turbine in a time of 3 s. Schlipf et. al. showed that, 

with 90% confidence, Taylor’s frozen hypothesis holds true for distances associated 

with MW-scale wind turbines [12].

1.2 E x tr e m e  E v en t C on tro l

Another m ethod of reducing wind turbine loads is to focus on extreme wind events 

and reducing the loads associated with them. Kanev and van Engelen devised a 

switching controller for Region 3 that, when a wind gust was detected, switched from 

a conventional proportional integral (PI) controller to an Extreme Event Controller 

(EEC) [13]. An extended Kalman Filter on a reduced order model of the turbine 

estimated both the wind direction and the blade effective wind speed. The estimated
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Figure 1.3: An example illustrating Taylor’s frozen turbulence hypothesis. The speed 
of the overall wind field is 18 m /s in this example. According to Taylor’s frozen 
turbulence hypothesis, the turbulent wind th a t starts out 48 m upwind of the turbine 
at T = 0 s reaches the turbine at T —3 s unchanged.

wind speed was evaluated by a one-sided CUSUM algorithm, which set a flag indicat

ing whether or not an extreme event was present. When the flag became true, control 

authority switched from the baseline controller to the EEC. Once the EEC took over, 

the blades began to pitch to feather at the maximum allowable rate under extreme 

conditions. After a preset period of time, the rate of change slowed to the maximum 

allowable rate  under normal conditions. Control switching from the EEC back to the 

baseline controller was done once either the CUSUM algorithm flag turned off or the 

blade pitch angle neared the desired blade pitch, as determined by the estimated wind 

speed. The authors introduced hysteresis into the process of switching in order to 

avoid unnecessary switching to and from the EEC. The work presented in this thesis 

differs from th a t of Kanev and van Engelen in the use of LIDAR to detect a wind gust 

instead of estim ating the wind speed, providing an advantage in the form of preview 

time. Also, an additional trigger based upon the generator speed estimation error ey 

is added to reduce the occurrences of rotor overspeed.
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1.3 D is tu r b a n c e  A c co m m o d a tin g  C on tro l

DAC is a control architecture tha t estimates the disturbances and then uses the 

disturbance estim ate in the control law. DAC is explained in greater depth in Chapter 

3, but some examples of its previous use in wind turbine control are provided here. 

Wright showed in simulation th a t the use of a DAC-based control scheme for Region 

3 operation was superior in terms of load reduction compared to the more industry 

standard PI [14]. In addition, Wright et. al. showed load reduction while maintaining 

rotor speed regulation using DAC when implemented and tested in the field [15].

Harris et. al. showed th a t a DAC modified with LIDAR can decrease the blade 

root bending moments by 10% compared to a DAC without LIDAR [5]. In this 

work, the turbine model was a nonlinear 2 bladed wind turbine with flap-bending 

and generator degrees of freedom. The LIDAR measurements were used to estimate 

the vertical shear, not the wind speed. The measured wind shear was directly used by 

the controller instead of being feed into an estimator. In the case of constant wind, 

DAC without LIDAR achieved a better rotor speed regulation than  the DAC with 

LIDAR, although in turbulent wind the DAC with LIDAR had better rotor speed 

regulation than  DAC alone.

1.4  C o n tr ib u tio n s  an d  O rg a n iza tio n

In this thesis, the use of LIDAR to reduce wind turbine loads, especially extreme 

loads caused by rotor overspeed, is explored. Chapter 2 describes the simulation 

environment, the primary structure of the controller, and the input winds. Chapter 

3 gives an overview of DAC and the need for anti-windup. Chapter 4 discusses the 

use of gain scheduling in DAC. Various methods of incorporating LIDAR directly 

into the DAC architecture are presented in Chapter 5. Finally, Chapter 6 discusses a 

switching controller and its use in preventing rotor overspeeds.

In summary, the primary contributions of this research are:
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•  An investigation of different methods of incorporating LIDAR wind measure

ments with the DAC architecture

• An investigation of the use of gain scheduling with DAC

• An investigation of gain scheduling off of the measured wind using LIDAR

• An investigation into situations likely to cause rotor overspeed

• The design of a switching controller to prevent rotor overspeed while not unac-

ceptably exciting turbine modes during transition

•  The design of a switching mechanism to not unnecessarily excite the turbine

•  The design of a switching controller to prevent rotor overspeed

8



CHAPTER 2

SIMULATION ENVIRONMENT AND CONTROLLER STRUCTURE

The FAST wind turbine simulator from the National Renewable Energy Labo

ratory (NREL) is used in this thesis to simulate a wind turbine for control testing 

purposes. FAST is able to calculate both the operation of two- or three-bladed hor

izontal axis wind turbines (HAWTs) and the loading events the turbine experiences 

during operation [16].

2.1 T u rb in e M o d e l

The three-blade Controls Advanced Research Turbine (CARTS) is used as the 

model for the simulated wind turbine in this thesis. The param eters for CARTS are 

given in Table 2.1, where the gear box ratio is the ratio of the generator speed to the 

rotor speed.

Table 2.1: CARTS specifications

Hub Rotor Rated Rated Gear Box
Height Diameter Rotor Speed Power Ratio

(m) (m) (rpm) (kw)
36.6 40 41.7 667 43.165

An NREL generated model of CARTS for FAST was used. In the simulations 

conducted, the following 15 degrees of freedom (DOE) were enabled:

•  First and second blade flapwise mode for each blade (6 DOFs)

• First edgewise blade mode for each blade (3 DOFs)

• Drive train  mode (1 DOE)

• Generator mode (1 DOE)
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• First and second tower fore-aft modes (2 DOF)

• First and second tower side-to-side modes (2 DOF)

The actuators used to control the wind turbine are the generator torque and the 

collective blade pitch angle. No actuator model is placed on the generator torque 

because the dynamics of the generator are much faster than those of the rest of the 

turbine system. The use of collective pitch indicates th a t each of the three blades 

are pitched to the same commanded angle. The model of the blade pitch actuator 

consists of three parts: a rate limiter, a saturation block, and a low pass filter, as seen 

in Figure 2.1. The rate limiter is set to ±18 deg/s. The saturation block ranges from 

1.32 to 90 deg. The low pass filter is a first order filter with the corner frequency at 

60 rad/s.

Commanded
Blade Pitch ►

Angle 6 Saturation Low Pass 
Filter

Ra

z
y

te L.im

i

ter

Wind Turbine 
Blade Pitch 
Angle 6 p l a n t

Figure 2.1: The actuator model for the simulation

Since a wind turbine is a nonlinear system, a linearized plant model is obtained for 

use in controller design. The linearized plant model was a 3 DOF model consisting of 

the generator DOF, the drive train  DOF, and the first blade flapwise motion for each 

blade. The linearization was done using FAST [16]. FAST numerically linearizes the 

wind turbine about the desired operating point for a set number of equally spaced 

rotor azimuths. Then, the resulting linearizations are azimuth averaged to create a 

set of constant state-space matrices.

The linearization for the 3 DOF model gave a 10 state  model th a t was further 

reduced by projection onto a smaller, controllable subspace [17]. One state eliminated 

was the generator position, since it is not possible to know the exact position from only
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the generator velocity. Next, since the modeled wind turbine used collective pitch, the 

only blade motion tha t can be controlled is collective blade displacement and velocity. 

It is not possible to control for independent blade motion unless independent pitch is 

used. In order to obtain the collective flap displacement and velocity, a multi-blade 

coordinate transform was done on the resulting linearization using mbc3 [18]. The 

vertical and horizontal components of blade displacement and velocity were discarded.

The final state-space linear model consisted of five states:

~Xi Drive train  torsion
Collective blade flap displacement

= Generator speed
3:4 Drive train  torsional velocity

_x5_ Collective blade flap displacement velocity

2.2  L ID A R  S im u la tio n  M o d el

This research uses the FAST-based LIDAR developed by Simley et. al [19], with 

assumptions and updates described in this section. In the field, a LIDAR measures 

the wind speed through the use of the Doppler shift off of aerosols (dust, pollen, etc.) 

in the air and air molecules. LIDAR is only capable or measuring the line-of-sight 

wind speed. Therefore, it is impossible to know the actual 3D vector of the wind 

at any given point with only one LIDAR. The assumption is made th a t there is no 

velocity perpendicular to the LIDAR beam, which according to Figure 2.2 would 

mean no horizontal or vertical wind component.

For this thesis, the LIDAR is hub mounted, pulsed, and with the first range gate 

at 36 m and a subsequent range gate at 72 m pointing straight upwind, as shown in 

Figure 2.2. It is assumed th a t no other measurement error factors are present, such 

as rain or bugs, other than  the normal errors associated with measurement geometry. 

Since the modeled LIDAR is a pulsed LIDAR, errors will be present due to range 

weighting [19]. As an example of the range weighting errors experienced in pulsed 

LIDAR, Simely et. al. give the RMS wind speed measurement error as being around
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0.5 m /s [19]. At the present time, FAST does not allow for evolving wind fields.

The existing code, [19], for incorporating LIDAR measurements within FAST was 

modified to allow for multiple fixed LIDAR beams and range gates. Figure 2.2 shows 

one such example with one beam and two range gates.

Figure 2.2: The modeled pulsed LIDAR configuration with one beam and two range 
gates. The configuration used includes one beam looking straight upwind, with the 
first range gate at 72 m and AGate  =36 m.

2.3 W in d  F iles

The wind files used to test the controller were one of three types: stepwise con

stant, extreme operating gust (EOG), and turbulent wind. Stepwise constant is un

realistic but used to help tune the controller and verify operation over the operating 

wind region. An example is shown in Figure 2.3(a); in this case the wind speed is 

uniform across the rotor disk. Another wind file was International Electrotechnical 

Commission’s (IEC) EOG, another uniform wind for which an example can be seen 

in Figure 2.3(b) [20]. The EOG is also unrealistic but is required for turbine certifi

cation. Finally, turbulent wind files are used to demonstrate the control of the wind

A Gate Distance to
first range 
gate
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turbine in realistic wind conditions. Figure 2.3(c) shows an example of the hub-height 

wind speed for one turbulent wind file, where the wind speed is not uniform across 

the rotor. For all wind inputs, it is assumed tha t there is 0 degree yaw misalignment.

50 100 150 250 300200

25

20-O £-
i  15 10095 105

100 200 300 
Time (s)

400 500 600

Figure 2.3: Examples of wind files, (a) is a stepwise constant wind file, (b) is an EOG 
with steady wind speed of 18 m /s, and (c) is the hub height wind magnitude of a 
turbulent wind file.

The IEC wind files were generated using IEC W ind [21] from 14 m /s to 25 m /s, 

all within Region 3. TurbSim [22] was used to generate the turbulent wind files. The 

characteristics of the turbulent wind files can be found in Appendix A. Two sets of 31 

wind files were used in this research. One had a mean wind speed of 16 m /s and was 

labeled as AR11, and the other had a mean wind speed of 18 m /s, and was labeled 

as AR12.

2 .4  M etr ic s

Assessing the designed controllers requires th a t the measures of success to be 

defined. For this thesis, the metrics are:
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• Mean generated power for a given wind file,

•  Damage equivalent loads (DELs) on the rotor blades’ edgewise and flapwise 

bending moments,

• DELs on the tower’s base fore-aft (FA) and side-to-side (SS) bending moments, 

and

• Numbers of overspeed occurrences

The mean generated power was chosen since the primary purpose of wind turbines is 

to generate electricity. The turbine components for which the DELs were calculated 

were chosen to be the tower and the blades, since they encompass the majority of 

the turbine structure. DELs allow comparisons of component fatigue damage across 

varied wind input conditions [23]. Finally, the last metric is the number of overspeeds 

tha t occurred, since an overspeed triggers an emergency stop. Emergency stops are 

explained in more detail in Section 2.5.

Figure 2.4 shows the directions of the bending moments. The tower FA motion is 

always perpendicular to the rotor plane and tower SS motion is parallel to the rotor 

plane. Since the wind turbine model does not have a yaw DOF, these two directions 

are fixed. Blade flapwise is the direction perpendicular to the broad portion of the 

blade and blade edgewise is the direction perpendicular to the plane defined by the 

blade flapwise direction on the line from the blade pitch axis to the blade tip. In 

operation the blade’s pitch angles are such th a t the flapwise motion of the blade is 

roughly along the FA direction of the tower and the edgewise motion is perpendicular 

to this direction, approximatively in the plane of rotation. Therefore, neither tower 

nor blade bending moments are given in fixed coordinate frames, but rather according 

to the yaw angle and blade pitch angles, respectively.

Wind turbine loads depend not only on control architecture but also on the specific 

wind inflow at any given time. Therefore, a direct comparison between loads is not

14



Figure 2.4: A picture of CART3 modified from [24]. The yellow arrows indicate the 
tower base bending motions and the red arrows indicate blades bending motion. The 
pictured turbine is furled, th a t is, the blades are pitched to 90 deg. In operation the 
blade’s pitch angles are such tha t the flapwise motion of the blade is similar to the 
FA motion of the tower and the edgewise motion is primarily in the plane of rotation. 
Courtesy of DOE/NREL, Credit - Lee Jay Fingersh [24]
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possible for different wind files. The idea behind DELs is to determine the magnitude 

of a constant frequency sinusoid th a t causes the same fatigue as a variable amplitude, 

variable frequency time series loading. Figure 2.5 gives an example of (a) the actual 

(blade or tower) bending moment time series and (b) the corresponding damage- 

equivalent constant-am plitude time series. MCrunch is used to calculate the DELs 

for the simulations [25]. A detailed analysis of how the DELs are computed is given 

by Sutherland [23].
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Figure 2.5: Equivalent loading events. Both (a) the tower FA bending moments from 
a simulation and (b) constructed constant amplitude and frequency loading event 
have the same overall DEL of 4307.4 kNm.

2.5 W in d  T u rb in e C on tro l

Since the focus of this thesis is on Region 3 control, the primary method of control 

is through blade pitch angle. The torque controller designed by Wright et. al. is used 

[17]. The goal of the torque controller is to maximize energy capture in Region 2. 

This torque controller tracks the wind speed in Region 2 until Region 3, where the 

generator torque is held to a constant 3.581 kNm.
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Figure 2.6: Generalized supervisory control. When a fault is detected, control
switches from the operational controller to shut-down controller. The severity of 
the fault determines if a normal or emergency stop is triggered. The wind turbine is 
restarted by either a human operator or an outside process checking to ensure safe 
conditions to restart.

In addition to the normally operational controller, CARTS, along with utility 

scale wind turbines [26], has a supervisory controller, as explained by Johnson et. 

al. [4]. The supervisory controller protects whenever the wind turbine is operating. 

The supervisory controller continuously checks for faults and, when one is detected, 

switches to a shut-down controller. This process is depicted in Figure 2.6.

In the case of CARTS, there are two types of stops depending upon the severity 

of the fault. A normal stop slows the rotor speed by 1 RPM  per s using blade 

pitch. A normal stop occurs when an error in a noncritical sensor is detected or in 

the case of certain unsafe states, such as the generator tem perature being too high. 

An emergency stop pitches the blades at the maximum possible rate (18 deg/s), 

disconnects the generator, and applies rotor brakes. In this research, due to the 

limitations of FAST, the application of the rotor brakes could not be simulated. An 

emergency stop occurs when an error in a critical sensor is detected, an actuator does 

not respond properly, or other sever problems occur. For simplicity, rotor overspeed 

was the focus of this research because it is a common stop case. For CARTS overspeed 

occurs when the rotor speed is greater than or equal to 43.1 rpm.
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Figure 2.7 shows field data  during an emergency stop at time 227.6 s on the 

CART3. Once the emergency stop was triggered, the blades were pitched to 90 deg 

and the generator torque was dropped to zero, causing the rotor speed to drop to zero 

in 5.1 s. The effects on the blade and tower bending moments are shown in Figure 2.8. 

The blades’ edgewise and flapwise bending moments diminished after an initial spike 

caused by the rapid pitching of the blades. In contrast, the tower bending moments 

were excited by the emergency stop and took much longer to diminish. The tower 

FA bending moments took 180 s to decrease in amplitude by 90% and the tower SS 

bending moments took 93 s.
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Figure 2.7: The generator torque and blade pitch angle signals during an emergency 
stop on CART3 from a field test. The wind speed was the hub height measurement 
from a meteorological tower 80 m in front of the turbine. The red vertical dotted line 
indicates when the emergency stop occurred, at 227.6 s.

Table 2.2 shows the calculated DELs for the time periods 10 s before and after 

the emergency stop. Due to the quick actuation from the operating blade pitch angle
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Figure 2.8: Some of the loads experienced by CARTS before and after an actual 
emergency stop, from field data.
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to 90 deg as part of the emergency stop, an increase in both the blade flapwise and 

blade edgewise DELs is observed when comparing the DELs from 10 s before the 

emergency stop to the DELs in the 10 s after the emergency stop. The tower FA 

DEL was increased dram atically immediately after the emergency stop, the tower SS 

DEL increased only slightly after the emergency stop. Since CARTS applies a rotor 

brake during an emergency stop, a large change in the rotor speed happened over 

a span of 4 s. Over a longer period of time, the blade flapwise and edgewise DELs 

decrease after an emergency stop due to the lack of actuation and because the turbine 

is stopped.

Table 2.2: Tower and blade bending moment DELs for the loads measured 10 s before 
and 10 s after the emergency stop.

Before
(kNm)

After
(kNm)

Blade Flapwise 59.39 214.68
Blade Edgewise 140.67 167.32

Tower FA 626.36 2493.5
Tower SS 894.9 937.07
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CHAPTER 3 

DISTURBANCE ACCOMMODATING CONTROL

DAC has the form of a traditional state  space observer and estim ated state feed

back augmented by a disturbance estim ator and compensator. In its standard con

figuration, when no measurement is made of the disturbance, DAC has the form [27]

x  — A x  — y) B dûd +  B u  KiJjj — yop) (3.1a)
y = C x  (3.1b)

Zd = F£d + Kd{(y — y op) ~  y) (3.1c)
ud = Qzd (3. Id)

where the linearized plant model is

x

y
Zd 
Ud

The control signal, u, calculated as

u = Gx  +  Gdzd. (3.3)

In (3.1)-(3.2), A, B, B d,C  are the state matrices for the linearized plant; K , K d are 

the estim ator gains for the state  and the disturbance observers, respectively; and 

G, Gd are the feedback gains for the plant and disturbance. For the use of DAC to 

regulate the rotor speed of the wind turbine, u is the blade pitch offset from the set 

point uop, y is the measured generator speed, ud is the perturbed disturbance wind 

speed difference from the linearization point of 18 m /s, and x  is the state  vector of 

the plant whose states are given in (2.1). Figure 3.1 shows the layout of DAC.

A x  T B dud T B u  
C x  T y0p

(3.2a)
(3.2b)
(3.2c)
(3.2d)
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Figure 3.1: The basic archictecture of DAC.

The state estim ator is given by (3.1a)- (3.1b), and (3.1c -3 .Id) are used to estimate 

the disturbance. The control law is given by (3.3). F  and © are parameters dictated 

by the disturbance waveform. For a step disturbance model, which has been shown 

to be an adequate disturbance model for wind turbine control with the goal of rotor 

speed regulation in turbulent wind [14], F  — 0 and © =  1.

Two prominent ways of calculating Gd exist, one of which calculates Gd to cancel 

out the effects of the disturbance and the other calculates Gd to satisfy the regulator 

equation. Substituting u from (3.3) into (3.2a) yields the linear closed loop system

under perfect knowledge of the states x  and the disturbance states zd

x — (A +  BG )x  T  {BGd +  Bd®)zd- (3.4)

To cancel out the modeled disturbance, Gd is defined such tha t [27]

BOd +  Bd© =  0. (3.5)

Solving (3.5) for Gd yields

%  =  -B + B d © , (3.6)
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where B + represents the pseudo-inverse of B  [28]. In cases where the pseudo-inverse 

must be used since no inverse exists, there is no guarantee th a t the disturbance will 

be perfectly canceled. This m ethod also fails to account for nonlinear plant operation 

away from the linearization point.

Another m ethod for the calculation of Gd, which originates from the regulator 

equations, was proposed in [29]. The regulator equation is given by [30]

UF = AH +  BF  +  B d (3.7)
0 =  c n  +  £>r +  (3.8)

and II and T must be solved for. The resulting disturbance regulation control law is 

then given by

u = Gx  T  (F — GTF)ûd, (3.9)

where G  is designed such th a t A +  B G  has negative eigenvalues.

For the case of the selected states, (2.1), the output measurement y  is the generator 

speed, and D = D d =  0. W hen the disturbance model is a step, F  — O, the solution 

for II and F is

T" "A B + ' - B d'
n C 0 0

Since the regulator method of calculating Gd yields much better rotor speed reg

ulation in stepwise constant wind over the range 14 m /s to 25 m /s, as seen in Fig

ure 3.2, this m ethod will be used to compute Gd in all implementations of DAC in 

this research.

As is seen in (3.4), the feedback gains G and Gd are independent of each other, 

with G affecting closed loop eigenvalues of the linearized plant, and Gd mitigating the 

effects of the disturbance. As such, G can be selected for desired control outcomes, 

such as to  provide the desired the transient performance of the plant.
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Figure 3.2: Rotor speed response for the DAC with the disturbance gain calculated 
from (3.9), disturbance regulation, and from (3.6), direct disturbance cancellation. 
At 18 m /s, the linearization point, both methods of calculating the disturbance gain, 
Gd, gave perfect regulation.

Because of turbulence, CART3 frequently switches operation between Region 3 

and Region 2 operation. In order to prevent the pitch controller from trying to main

tain  the constant rated generator speed, an impossibility in Region 2, the blade pitch 

has a lower saturation limit of 0.023 rad. When the blade pitch becomes saturated, 

windup is liable to occur in the pitch controller. As such, the anti-windup technique 

of feeding back the control signal after it passes through a saturation block was used, 

as shown in Figure 3.3 [31]. Since the blade pitch input 6 saturation occurs after the 

linearization point, the linearization point is subtracted from the saturation limits 

used by the anti-windup controller. As such, the lower limit for saturation, as seen 

by the linearized DAC, is .023 — uop, where uop is the operating point for the blade 

pitch angle of the linearized controller. The result is th a t (3.1a) is replaced by the 

nonlinear equation

x  = A x  + Bsat{u)  +  B dud + K( ( y  -  yop) -  y) (3.11)
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Figure 3.3: The configuration of the linearized anti-windup controller. The control 
law is of the form (3.3) and the state and disturbance estim ator has been modified 
to provide the estim ated state x  and estimated disturbance Zd values using the input 
values of the blade pitch input angle form the linearized controller u  and the difference 
between the measured generator speed y and the generator speed operating point yop.

Figure 3.4 demonstrates the benefit of anti-windup. The top plot shows the hub 

height wind speed. The second plot shows the rotor speed, where the red dotted 

line indicates the speed at which over sped occurs for CART3, 43.1 rpm. In this 

simulation, the supervisory controller was not used so the rotor speed was allowed to 

exceed 43.1 rpm without causing an emergency stop. The third plot shows the blade 

pitch angle. The affects on the turbine of saturation is seen when the wind speed 

drops from Region 3 to Region 2 around 73 s, since the blade pitch saturates at 1.32 

deg. The bottom  plot shows the output estimation error ey. W hen the wind speed 

transitioned from Region 2 to Region 3 at around 105 s, the controller without anti

windup did not sta rt pitching the rotor blades until 110 s because wind-up caused 

inaccurate estimation.

To summarize, DAC is a controller designed to estimate or mitigate the effects of 

disturbance. The design of Gd determines the robustness of rotor speed regulation 

when the wind speed deviates from the linearization operating point. Figure 3.2 

demonstrates the ability of (3.9) to regulate the rotor speed better than (3.6). To 

prevent windup in the observer states and the subsequent large output estimation
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Figure 3.4: Comparison of the use of anti-windup to no anti-windup using a wind 
file from AR11. The red dotted line on the rotor speed plot indicates 43.1 rpm, the 
limit at which an emergency stop occurs. In this instance anti-windup would have 
prevented an emergency stop from occurring.
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errors ey} as seen in Figure 3.4, the blade pitch command 6 signal passes through a 

saturation block before it reaches the plant observer. Overall, the baseline controller 

is DAC linearized a t wop = 18 m /s with Gd determined using (3.9) and the estimator 

provided with the saturated  value of the control signal 6.
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CHAPTER 4 

DAC GAIN SCHEDULING

The control of a wind turbine is a nonlinear control problem. The nonlinearity 

arises particularly from the nonlinear power coefficient surface

ç  __ P  _  Rotor Power
p 1 3 A Power in the wind ’—/m> A rotor

where p is the air density, w is the wind speed, A rotor is the area of the rotor, and 

P  is the rotor power. Figure 4.1 shows the power coefficient surface with the red 

dot indicating the linearized point used in this research. While linear controllers are 

often used without any modifications in Region 3, their performance degrades with 

increasing distance from the operating point. To ensure the system response is similar 

throughout the region of operation, gain scheduling is used to equalize the control 

authority.

2 4 6 8 10 12 14 16 18 20
Blade Pitch Angle (deg)

Figure 4.1: The power coefficient Cp surface (4.1). The red circle represents the 
operating point at 14.79 deg at 18 m /s. The surface was constructed using the 
CART3 model supplied with WT_Perf at a constant 41.7 rpm rotor speed [32]
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This nonlinearity can be captured in —------, the sensitivity of the aerodynamic
Vuplant

rotor power, P,  with respect to the blade pitch angle of the wind turbine, 0piant. 

Since the blade pitch angle of the plant is not measured, the commanded blade pitch 

angle 6 is used instead. The overall aerodynamic power sensitivity varies depending 

upon the blade pitch angle, the wind speed, and the rotor speed. The rotor speed 

sensitivity was neglected since the goal of Region 3 control is the regulation of rotor 

speed to a set value, 41.7 rpm in the case of CARTS. In addition, the wind speed and 

blade pitch angle are interchangeable when the goal is regulating the rotor speed in 

steady-state, since each wind speed corresponds to exactly one blade pitch angle and 

vice versa.

The sensitivity values were calculated using the m ethod described in [33, 34] for 

CARTS with a rated rotor speed of 41.7 rpm over the range of wind speeds from 14 

m /s to 25 m /s. The resulting values and the linear best fit line is shown in Figure 4.2

x104
1

Simulation Data
 Best Fit Line

y=-468.44x-4816.8S’ -1.1TJ

1.3

1.4

1.5

2218 2012 14 16
Blade pitch (deg)

Figure 4.2: Aerodynamic power sensitivity to blade pitch angle over Region 3 opera
tion.

The overall gain of the closed loop system can be viewed as [33, 35]

d P
sy s te m  ^ c o n tr o l le r  * G S ( 0 ^  ~q q  ■> (̂ ■̂ )
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where GS(O) is the calculated gain value for the given blade pitch angle 9. In order 

to ensure th a t the gain of the system remains constant, and thus the system response 

is equal, set GS{9) to

GS{6) = - L .  (4.3)

~dë
d PThe curve of as seen in Figure 4.2, can be represented as a linear function for 

simplicity [33, 35], or

- - h  ,4.4,

Let Ok be the blade pitch angle where the power sensitivity is exactly double tha t of 

its value a t the operating point. T hat is,

~ ^ { e = 0k) = 2 *  ^ ( 0  = 6op). (4.5)

Equation (4.4) then becomes

% ~ %{e ~ ^  +  HI- ê '{e ~ (4 '6)

which can be simplified down to

% = % { e = 6 °*) (i+̂~=y • (4 -7)

Therefore, to cancel out the variability of the system, (4.3) becomes

GS{B) =  l_ ,  ■ (4.8)
1 ^  0k-0op

The value ^ f ( 9  = 9op) is not included in (4.8) since the goal of gain scheduling, in 

this instance, is to normalize control authority. The resulting gain schedule equation 

is then

c m  =  0 -1 4 .7 9  deg ' ( 4 -9 )
25.073 deg

W ith the use of LIDAR, it is possible to directly measure the speed of the wind 

instead of estim ating it using the blade pitch angle. As such (4.4) and (4.7) can
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be recomputed using the measured wind speed instead of the commanded blade 

pitch angle 9. The resulting gain scheduled equation is then

GS{wrn) =  Wm-18m7T (4-10)
1 ' 20.478m /s

The scheduling curve is limited to the range 14 m /s to 25 m /s when scheduling off 

of the measured wind speed -wm or to between 10.4 deg to 22.5 deg when scheduling 

off of the commanded blade pitch angle 9 The resulting gain scheduling curves are 

shown in Figure 4.3.

u_

0.9

0.8

0.7

Blade Pitch (deg)
(a)

0.9

0.8

0.7
15 20 25

Wind speed (m/s) 
(b)

Figure 4.3: The gain scheduling curves when scheduling off of either the commanded 
blade pitch angle 9 (a) or measured wind speed wm (b).

The overall structure of the gain scheduled DAC is shown in Figure 4.4. The 

control law for the pitch-based gain scheduled system is

ugs = u * GS(9),  (4.11)

with corresponding controller for the wind speed-scheduled case. It is im portant to 

note the controller has no knowledge of the gain scheduled value. The blade pitch 

command signal u is the value fed back to the plant observer, as shown in Figure 4.4.
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One side effect of using gain scheduling is the tha t it requires changes in the 

saturation limits to coordinate with the anti-windup (3.11). Since the p lan t’s blade 

pitch actuator saturates on the gain scheduled signal (4.11), the lower saturation limit 

for (3.11) needs to be adjusted to

.023 — Ufvop (4.12)
OSfA) ’

where the gain scheduling curve depends upon whether the scheduling variable A is 

either 6 or wm. As Figure 4.3 shows, both scheduling curves are constant at lower 

wind speeds or blade pitch angles, when the blade pitch angle will become saturated. 

The value of GS(0)  or G S(w rn) in (4.12) is then replaced by the corresponding lower 

constant gain value, G Slower- The lower saturation becomes

.023 — Urbop (4.13)
G Slower

where GSiower = 1.212 when scheduling off of the blade pitch angle and GSiower — 1.243 

when scheduling off of the measured wind speed.

y - y 0p

z f
Saturation

Z
State and

Disturbance
Estimator

V J

GS(6>)

Gain Scheduling

U GS

Figure 4.4: The layout for the linear gain scheduled DAC when scheduled off of the 
blade pitch angle 0. The same structure was used with DAC was scheduled off of the 
measured wind w.

To verify th a t gain scheduling is working, experiments were conducted with both 

step and turbulent wind. Figure 4.5 shows the turbine’s response to stepwise constant 

wind with and without gain scheduling. Since the change in wind speed is the same 

at each of the stepwise constant transitions, equal overshoot at each of the transitions
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would indicate a perfectly gain scheduled controller. Since each transition is a step 

input, equal overshoot at each of the transitions indicates the gain scheduled controller 

cancels the effects of the nonlinearities of the wind turbine. Gain scheduling on the 

blade pitch angle provides the most uniform max rotor speed. In each of the three 

cases, the larges over speed occurred when the wind speed changed from 14 m /s to 

16 m /s because control authority is lowest at lower wind speeds. In Figure 4.1, a 

decrease in wind speed corresponds to a lower power coefficient value. In order to 

effect the same change in aerodynamic power at lower wind speed, there must be a 

larger change in blade pitch angle. In the case of scheduling off of the wind speed, 

the rotor speed regulation is worse than  no gain scheduling.

25

20

Without Gain Scheduling 
Gain Scheduling on 
blade pitch angle 
Gain Scheduling on 
measured wind speed

10
50 100

42.6

42.4"O
o . 'p  42.2  co E
o ^  42

41.8

41.6
25020050 100 150

Time (s)

Figure 4.5: The rotor speed response to stepwise constant wind for DAC without 
gain scheduling and DAC with gain scheduling on the measured wind speed and the 
blade pitch angle. Gain scheduling on the blade pitch angle gives the most uniform 
maximum rotor speed and so was chosen to be the method of gain scheduling

Figure 4.6 shows rotor speed characteristics over 31 10 min wind files with the 

supervisory controller turned off. When scheduling of off the blade pitch angle, the 

mean standard deviation of the rotor speed over the 31 wind files is 1.281 rpm when

33



gain scheduling is not used, 1.269 rpm when gain scheduling off of the blade pitch 

angle, and 1.298 rpm when gain scheduling off of the measured wind speed. The 

overall mean rotor speed between the three controllers is similar: 41.25 rpm without 

gain scheduling; 41.24 rpm  with gain scheduling on the blade pitch angled; and 41.21 

rpm with gain scheduling on the measured wind speed. The main difference between 

these three controllers is seen in the maximum rotor overspeed. W hen gain scheduling 

is not used, the number of wind files where the maximum rotor speed exceeds 43.1 

rpm is 15, for scheduling on the blade pitch angle the number is 4, and for scheduling 

on the measured wind speed the number of cases with a maximum rotor overspeed 

greater than  43.1 is 26. It was unexpected tha t the effect of using gain scheduling 

has such a small improvement on the standard deviation of the rotor speed, since the 

goal of gain scheduling is to normalize the rotor speed output. Another unexpected 

outcome is the use of gain scheduling on the blade pitch having a significantly lower 

number of cases when the maximum rotor speed is greater than  43.1 rpm. In the 

m ajority of cases where the rotor speed exceeded 43.1 rpm  when gain scheduling was 

not used, the over speed occurred in the transition from Region 2 to Region 3. When 

gain scheduling on the measured wind speed, rotor speeds greater than 43.1 rpm also 

occurred predominantly when transitioning from Region 2 to Region 3. Since the 

focus of this thesis is on the prevention of rotor overspeed, gain scheduling on the 

blade pitch angle is selected instead of gain scheduling off of the LIDAR-measured 

wind speed.
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Standard Deviation 
Maximum Rotor Speed Mean Rotor Speed of Rotor Speed
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Figure 4.6: Rotor speed characteristics for 31 wind files with a mean wind speed of 
16 m /s and the supervisory controller turned off. DAC is the controller without gain 
scheduling, BPA is the controller with gain scheduling on the commanded blade pitch 
angle 0, and MWS is the controller with gain scheduling on the measured wind speed
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CHAPTER 5 

THE USE OF LIDAR IN DAC

Since DAC estimates the disturbance and LIDAR can measure the wind distur

bance, the possibility arises for the use of LIDAR in conjunction with DAC. Two 

possibilities are using the LIDAR in place of the disturbance estim ator and using 

the LIDAR measurement in closed-loop to adjust both the plant and disturbance 

estimator.

5.1 D ire c t  m ea su rem en t o f  d istu rb a n ce

For the case where the LIDAR measurement replaces the wind disturbance esti

mate, (3.1) can be modified to

x = A x  T  K ((y  — y op) — y) +  BdiXm +  B u  (5.1a)
ÿ = Cx  (5.1b)

where wm is the wind speed’s deviation from its operating point, as measured by the 

LIDAR. The control law is then

u = Gx  +  GdWm (5.2)

Figure 5.1 shows the controller’s architecture, where the difference from Figure 3.1 

is th a t the LIDAR wind measurement replaces the disturbance estimator. To deter

mine the upper bound on the performance when the disturbance is measured, the 

hub height wind is taken as the wind measurement with continuous sampling. This 

disturbance measurement is unrealistic, but represents the ideal disturbance measure

ment.
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wind
disturbance

LIDAR

Plant

Plant
Estimator

Figure 5.1: Using the LIDAR measurements directly in place of the disturbance 
estim ator in DAC. The disturbance model is that of a step, with the disturbance 
measurement being the difference from the linearization point, 18 m /s.

5.2 L ID A R  feed b a ck  th ro u g h  ob server

Another method of incorporating LIDAR into DAC is using the wind measurement 

to correct the disturbance estimate. The resulting equations for the observer in this 

case are

x = A x  T  K({i) — y0p) — y) +  K w(wm — ûd) +  B^Ud +  B u  (5.3a)

zd =  F z d +  K d((y -  y0p) -  y) + Kdwiwm -  ûd) (5.3b)
y — C x  (5.3c)

ud = Ozd (5.3d)

where wm is the perturbation of the wind speed from the disturbance operating point. 

The control law is the same as when the wind disturbance is not measured and is 

given by (3.3). Figure 5.2 shows the overall structure of this approach of incorporating 

LIDAR into DAC.

Figure 5.3 shows the rotor speed, output estimation error ey, and the disturbance 

estimation error for DAC ew w ithout LIDAR (3.1), with LIDAR feedback (5.3), and 

with direct use of LIDAR as the disturbance estimate (5.1)-(5.2). The disturbance 

gain Gd is calculated the same for each, Gd = F —G*II, where F and H are determined
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Figure 5.2: Using the LIDAR measurements to update the disturbance estim ate and 
state estim ate based on the disturbance estimation error ew.

by (3.10). In the case of direct measurement of the disturbance (5.1)-(5.2), rotor speed 

regulation is not achieved, except at the operating point of 18 m /s from 120 - 140 s. 

In the case of LIDAR feedback into the estimator (5.3), rotor speed regulation is 

achieved, but the estim ation error of the output generator speed ey is unsatisfactorily 

high. Both methods of using the LIDAR were able to provide a better estim ate of the 

wind speed than  the original DAC. It was surprising th a t using LIDAR in either of 

the two configurations did not allow for rotor speed regulation, low output estimation 

error ey, and low wind speed estimation error ew. DAC without LIDAR is able to 

achieve both rotor speed regulation and a lower output estimation error ey. Figure 5.3 

shows a comparison of the two presented methods of using DAC with LIDAR to DAC 

without LIDAR when the control law is (3.9).

5.3  A n a ly s is  o f  u sin g  L ID A R  in  d istu rb a n ce  e s tim a to r

To try  and understand the discrepancy, first examine DAC without LIDAR using 

the step disturbance model, F 1 =  0, © =  1. Taking the Laplace transform  of the state 

estim ator (3.1a) gives
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Figure 5.3: Comparison of the stepwise constant wind speed input response for three 
cases: no LIDAR (left column), LIDAR replacing the wind speed estimate (mid
dle column), and LIDAR correcting the wind speed estim ate (right column). DAC 
without LIDAR performs better in terms of combined rotor speed regulation and es
tim ation errors than  either of the two methods of including the LIDAR measurement, 
although the wind speed estimation is better when LIDAR is used. The control law 
is given with (3.9).
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gAX(s) =  AAX(a) +  Æ(Ay(g) -  Ay(s)) + BjA(7j(g) +  BC/(g). (5.4)

For simplicity, let Â =  A — B G  + K C .  Since 6  =  1, itd =  z,i- Solving (5.4) for A X ( s )  

and using (3.3) as the control law gives

A X (s)  =  (g /  -  Â )-i(B O d +  B j)A Z j(s)  +  ( s i  -  Â ) - ^ A y ( s ) .  (5.5)

where A y  = y  — y  op- The delta notation is used for consistency, where A x  = x  since 

x  was already the deviation from the operating point, and where Awd =  ûd since ûd 

was already defined to be the disturbance wind speed deviation from the operating 

point. Finally A y  = y since y was defined to be the estimate of the generator speed 

about the operating point. Next, taking the Laplace transform of the generator speed

estimation error, ey = A y  — A y  — A y  — C A x ,  yields

Es/a) = Ay(g) -  CAX(g). (5.6)

Inserting (5.5) into (5.6) then gives

^ (g )  =  Ay(g) -  C(g/ -  A)-i(BOd + Bj)AZXg) -  C(gL -  A )-^ A y (g ) .  (5.7)

If Gd is designed such th a t BGd Bd = 0 according to (3.5), then (5.7) simplifies to

Ey(g) = (7 -  C(g7 -  Â)-iÆ) Ay(g). (5.8)

W hen LIDAR is not used, the estimation error thus depends only upon how well 

regulated the generator speed is.

Next, examining the state  estim ator equation for when the LIDAR measurements 

are incorporated into DAC according to (5.3a) gives

Ax =  A A x  +  B { G A x  +  GdAêd) +  BdAûd-\- gx
K A y  — K A y  +  K wA w  — K wA u d 

= (A +  B G  K C ) A x  +  (BGd T  -Rd — K-w^Aûd +  K wA w  +  K A y ,  (5.10)
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where A w  =  u) — uiop. Taking the Laplace transform of (5.10) gives

( s I - A  + B G -  K C ) A X ( s )  = (B G d + B d -  K w)AÛd(s)
+ K wA W (s )  + K A Y ( s ) .  ( ' }

Substituting À  = A  — B G  + K C  into (5.11) and solving for A X  (s) gives

A X (s) = {s l  -  Â)~1{BGd + B d -  K w)AÛd(s)
+  ( s i  — A y 1 K wA W  (s) +  ( s i  — À)~1K A Y ( s ) .  1 '

When a step disturbance model is used, the disturbance estim ator is given by

A z d =  A û d = K dey +  K dwA w  -  K dwA u d. (5.13)

Taking the Laplace transform of (5.13) and solving for AÛd(s) gives

A Û d(s) = ( s i  +  K dw) 1K dE y +  ( s i  +  K dw) 1 K dwA W  (s). (5.14)

Substituting (5.12) for A X (s) in (5.6) gives

^ ( g )  = A y ( s )  -  C ( ( s 7  -  v 4 ) - \ B ^  +  -  ^ ) A ^ ( ^ )
+  (g/ -  Â)-^^AW (g) +  (g/ -  Â )-^ A y (g ) ) .

(5.15)

Let Gd be designed such th a t B G d +  =  0. Then inserting Ud from (5.14) results

in (5.15) being reduced to

E y{s) = A Y { s )  +  C { s l  -  Â y ' K U s I  +  K d J - ' E y
+ C {s l  — À)~l K wK dwA W {s)  (5.16)
-  C { s l  -  A y ' K v A W i s )  -  C {s l  -  A ) - l K A Y { s ) .

Collecting the terms in (5.16) gives 

E y{s) =  ( / -  C ( s l  -  Â )~l K w (s i  +  [ ( /  -  C ( s l  -  À y ' K )  A y (s )

+  C ( s l  -  À )~ l K w(K dw -  I ) A W ( s ) } .
(5 .17)
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As (5.17) demonstrates, the estimated generator speed error ey in the case where 

LIDAR is fed back into DAC depends upon both the regulation of the generator 

speed A y  along with the wind speed deviation from the linearization point Aw.  If 

one quantity is non-zero, such as Aw,  and the other value is zero, such as Ay,  then 

the generator speed estimation error will be nonzero. Figure 5.4 shows the rotor 

speed response as well as the estimation errors of the generator speed ey and wind 

speed ew for DAC using LIDAR and DAC without LIDAR when the disturbance gain 

Gd is calculated using (3.6). In Figure 5.4, the generator speed estimation error ey 

for DAC with LIDAR feedback becomes larger the farther the wind speed is from 

the linearization point of 18 m /s. As is shown in Section 6.1, large generation speed 

estimation error ey in turbulent wind tends to cause rotor overspeed. As such, large 

output estimation error is undesirable.

Since DAC without LIDAR is able to achieve near perfect regulation using the 

regulator based Gd from (3.9), Figure 3.2, and neither of the two methods of incorpo

rating LIDAR into the DAC produced good regulation and good estimation, it was 

decided to use DAC without LIDAR in normal operation. LIDAR is then used solely 

for switching-based EEC, as will be explained in Chapter 6.
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Figure 5.4: Comparison of the stepwise constant wind speed input response for three 
cases: no LIDAR (left column), LIDAR replacing the wind speed estimate (middle 
column), and LIDAR correcting the wind speed estimate (right column). The distur
bance gain Gd is calculated according to (3.6). bimiliar to Figure 5.3, DAC without 
LIDAR performs better in term s of combined rotor speed regulation and estimation 
errors than  either of the two methods of including the LIDAR measurement, although 
the wind speed estimation is better when LIDAR is used.
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CHAPTER 6 

SW ITCHING FROM BASELINE DAC TO EEC

In this chapter, a switching controller designed to reduce loads by preventing 

rotor overspeed is presented. The proposed switching control architecture is shown in 

Figure 6.1. It incorporates the baseline controller, which is used for energy capture 

and load reduction in Region 3, and the EEC, which is designed to prevent rotor 

overspeed. The baseline controller, a DAC, is used the m ajority of the time. A 

LIDAR unit measures the wind speed at hub height 72 m in front of the turbine, as 

shown in Figure 2.2. The wind measurement is used by the extreme event detector 

to determine when a large gust of wind is approaching the wind turbine. When 

such a gust is detected, or a large output estimation error ey occurs, the operational 

control of the wind turbine is switched from the baseline DAC to the EEC. The 

switching is performed via linear interpolation of the blade pitch plant input signal 6 

over a set period of time. W hen the gust has passed the turbine, control authority is 

transitioned back to  the baseline DAC from the EEC, again via linear interpolation.

Estimation Wind
Disturbanceerror

Switching 
w signal

Blade
Pitch

Generator Speed

LIDAR

W ind
Turbine

Baseline
Controller

Extreme Event 
Detector

Extreme Event 
Controller

Figure 6.1: The overall architecture of the switching controller.
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Both the baseline DAC and the EEC are gain scheduled, as described in Chapter 4, 

with the appropriate changes in anti-windup made according to (4.12). The baseline

for CARTS, and using the rated generator speed of 1800 rpm. The linearized plant 

poles are —0.2287 ±  18.435%, —1.5509 ±  13.214%, and —0.1702. The EEC is linearized 

about 18 m /s with a generator speed of 1739 rpm. The linearized plant poles for the 

EEC are —0.3070 =b 18.767%, —1.6444= 13.586%, and —0.4091. As overspeed occurs at a 

generator speed of 1860.4 rpm, or a rotor speed of 43.1 rpm, linearization about the 

lower generator speed doubles the maximum allowable positive change in generator 

speed before overspeed occurs. For both the baseline DAC and the EEC the closed 

loop poles are —6 ±  18.93%, —6 4= 1.3937%, —17, and —15, where the additional pole 

comes placing the pole of the disturbance.

6.1 S w itch in g  C o n d itio n

In order to determine if a gust is coming, the simulated measurements from a 

LIDAR are evaluated by a one-sided CUSUM algorithm tuned to detect a significant 

increase in wind speed. The general one-sided CUSUM is given by [36]

where the variable s represents the input into the CUSUM algorithm (in this case, the 

measured wind speed %nm); e is the test parameter, which represents the cumulative 

sum of the deviation from the low pass filtered measurement; and is is the insensitivity 

parameter.

Kanev and van Engelen used a moving average to create the residual used by the 

CUSUM algorithm [13], given by

DAC is linearized about 18 m /s, which is roughly the midpoint of Region 3 operation

ek = max(0, + sk -  is) (6 .1)

l)h)^_2 T wmk
(6 .2)
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and

ek = max(0, efc_! +  wmk - w fk - v ) .  (6.3)

In (6.2), ku is the moving window length, is the wind measurement from the 

LIDAR at time k, and w[  is the moving window average and time k. A gust is said 

to have occurred when ek > h, where is a preset trigger threshold.

The CUSUM algorithm is tuned to be sensitive to short, sharp increases in wind 

speed, with param eters given in Table 6.1. These values are chosen for a LIDAR with 

an update rate of 1 Hz; a different update rate would require a change in these values 

to yield similar performance. An example of the CUSUM test statistic ek is shown 

for a sample wind input file in Figure 6.2. In this example, three gusts were detected 

at approximately 50, 130, and 160 s.

Table 6.1: Param eters used in the CUSUM algorithm

Param eter Value
V 2

5
h 5

Tuning the CUSUM algorithm on the wind speed alone requires a careful balance 

between detecting too many gusts, some of which may not cause overspeeds, and 

failing to detect the gusts th a t will result in overspeeds. To improve performance, an 

additional trigger to switch controllers is added. Figure 6.3 shows the results from a 

simulation in which the generator speed output estimation error ey was high, causing 

an overspeed to occur at 289 s. Recall from Figure 3.4 tha t a large output estimation 

error ey can reduce the ability to regulate rotor speed, which is consistent with this 

overspeed-related result. In this case, the gust detector did not detect the gust tha t 

caused the overspeed. While the gust detector could be tuned to detect the gust 

at around 285 s in Figure 6.3, such a tuning would cause a significant increase in 

the number of detected gusts. Since each gust tha t is detected causes a switch, this
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Figure 6.2: An example of the test statistic from the CUSUM algorithm for a sample 
input file with a mean wind speed of 16 m /s. The wind speed is measured 72 m 
upwind of the wind turbine. Whenever e is above the threshold, /z =  5, a gust is said 
to be detected and control is switched to the EEC.
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tuning would cause an increase in the number of unnecessary switches.

The output estimation error ey is a measurable quantity; therefore, it was added 

as a second switching trigger. This additional switching option is shown by the 

“Estim ation Error” signal path  in Figure 6.1. Figure 6.4 shows th a t the generator 

speed output estimation error ey is tightly clustered around zero and rarely exceeds 

two rpm. Therefore, in order to prevent both unnecessary switching and overspeed 

resulting from large generator speed output estimation error ey, control is switched 

whenever the output estimation error ey was greater than two rpm.
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Figure 6.3: An example of an instance where the CUSUM gust detector alone does not 
prevent rotor overspeed. In this instance, the supervisory controller was turned off to 
show th a t the turbine would overspeed. Switching only on the CUSUM signal ek would 
result in over speed, so an additional switching signal on the measured estimation error 
ey is needed to prevent an emergency stop.
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0.9

Estimation Error

Figure 6.4: The distribution density of the generator speed output estimation error 
€y from all 31 AR11 wind files using DAC with gain scheduling and no supervisory 
controller. As can be seen, using a threshold of 2 rpm will result in few switches in 
a given wind file. The mean of the data is -0.0006, the red line, and the standard 
deviation is 0.5.

Switching from the EEC back to the baseline DAC is also dependent upon both 

the CUSUM output and the current output estimate error ey. Switching back to 

the baseline DAC occurs when both €k < h and ey < 1.5 rpm. Note th a t the value 

of 1.5 rpm instead of 2 rpm prevents rapid switching between the controllers, using 

hysteresis. Figure 6.5 gives a summary of the switching logic for both wind gust 

detection and output estimation error ey.

6.2 S w itch in g  v ia  B u m p less  T ra n sfe r

W hen a gust is detected, the EEC takes over from the baseline DAC to compute 

blade pitch angle control signal, as shown in Figure 6.1. The switching process is 

achieved using linear interpolation of the signals from the two controllers over a preset 

period of time. An example of this smooth switching is shown in Figure 6.7 with an 

interpolation time of 0.2 s. Bumpless transfer protects against rapid fluctuations 

between the baseline and the EEC. At 544.15 s the controller started  to switch back
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Figure 6.5: Conditions under which switching occurs from both the baseline DAC to 
the EEC and the EEC to baseline DAC

to the baseline DAC from the EEC and then began to switch back to the EEC at 

544.4 s, causing an unusual but continuous pitch control signal. W ithout the use 

of bumpless transfer, the blade pitch plant input 6 would have sharp discontinuities 

whenever control was switched between the baseline DAC and the EEC.

In order to ensure the estimators within both the active and inactive controllers 

are correct, the output from the overall controller u  is fed back to both controllers 

before gain scheduling to eliminate its nonlinear effects. This process is shown in 

Figure 6.6.

Figure 6.8 demonstrates the benefits of bumpless transfer. When the control is 

switched over a period of 1 s, the turbine loads are reduced, as seen in Figure 6.8(a). 

Figure 6.8(b) shows th a t when bumpless transfer is not used, the plant is unnecessarily 

excited. The largest load reductions are seen in the tower base, where both the side- 

to-side and fore-aft bending moments are reduced, whereas only a slight decrease in
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Figure 6.6: Feedback of the non gain scheduled switching signal to the plant estima
tors in the baseline controller and the EEC. The measured generator speed and the 
switching signal are not shown for clarity. uop is the blade pitch angle operating point 
for the baseline controller, BL, or the EEC. Both of the bumpless transfer blocks 
recieve the same signal.
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Figure 6.7: A demonstration of linear interpolation between the baseline DAC and 
the EEC when triggered off of a high estimation error ey. The yellow areas denote 
control by the EEC, including the transition to the EEC.
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the blade edgewise moment occurs.
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Figure 6.8: Comparison of loads during switching using a transition time of (a) 1 s, or 
(b) 0 s, i.e., without bumpless transfer. The control was manually switched between 
the baseline and the EEC at 550 s. As can been seen, the tower is significantly more 
effected than  the blades, though some load reduction occurs in the blade flapwise 
moment.

In general, a longer transition time decreases switching induced loads experienced 

by the tower. A disadvantage of a too lengthy transition time is th a t the control 

may not fully switch over from the baseline controller to the EEC by the time the 

gust arrives. If a gust occurs at a higher mean wind speed, there will be less time to 

transition to the EEC, whereas if a gust occurs at a low mean wind speed, a longer 

transition could be used. In order to dynamically choose the transition time, the 

wind speed from the 2nd (farthest upwind) range gate will be used to determine the 

transition time. The LIDAR measurement from the 2nd range gate is fed into another
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CUSUM algorithm with the same parameters as the first one. Then, the maximum 

wind speed over the period in which >  Zt is stored. The maximum wind speed 

is determined from

( wm, if €fc_i < h and ek > h
Wmi if >  Zi and W rn Vmax,k (6-4)

Vmax,k-1 Otherwise.

Using the maximum wind speed vmax from (6.4), the transition time Tt is determined 

as the distance from range gate 1 to the wind turbine divided by the maximum 

wind speed umax

T« =  — , (6.5)
V-max

ensuring the control has fully switched from the baseline controller to the EEC when 

the gust hits the wind turbine.

Figure 6.9 shows an example of this variable transition time process. A gust was 

detected at 296 s, so the initial transition time was determined by the wind speed 

measured at this instance, 20.8 m /s, and the distance to range gate 1 from the tower, 

72 m, which gave a transition time of 3.5 s. Since the measured wind speed began to 

decrease after 296 s, the transition time remained constant, since it is dependent only 

upon the maximum measured wind speed. Once the measured wind speed surpassed 

the initial measurement of 20.8 m /s, the transition time began to decrease until it 

reached the minimum for this wind gust at 312 s. W hen ek became less than h at 

318 s for range gate 2, the variable transition time was held constant until the next 

gust was detected.

Since the LIDAR only has a 1 Hz update rate, it is possible to miss the absolute 

maximum wind speed of a gust. However, the CUSUM algorithm results in > Zi 

until the wind speed levels off or starts decreasing. As such, a value close to the max

imum wind speed should usually be captured to be used in calculating the transition
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time Tt (6.5). Another possible problem of transitioning on the maximum measured 

wind speed is th a t the measured wind speed is usually not as extreme as the actual 

wind speed due to low-pass filtering, as seen in the first plot of Figure 6.2.

30

3 o:(/) ; 
CO (0

20

320295 300 305 310 315
Time (s)

Figure 6.9: The transition time for a gust of wind. The blue line is the wind speed at 
range gate 2 and the green line is the calculated transition time. The orange dotted 
line is the continuous time wind speed at range gate 2. A gust is detected at range 
gate 2 starting at 296 s and ends at 318 s. Since the transition time is dependent 
only upon the max wind speed, the transition time only changes when the wind speed 
increases.

In the case of switching when the generator speed output estimation error ey 

becomes too large, the transition time is chosen to be 0.2 s since overspeed can follow 

very quickly after a large output estim ation error ey. A summary of the transition 

times used in this research is given in Table 6.2.

Table 6.2: Switching times for the three switching conditions

Switching Transition 
Time (s)From To Condition

BLC EEC Large estimation error ey 0.2
BLC EEC Gust detected Calculated from (6.5)

EEC BLC
Small estimation error ey 

and
no detected gust

1
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6.3 R esu lts

Simulations were conducted using two types of wind files. One set was EOG and 

the other set was 62 turbulent wind files, 31 from each of AR.11 and AR12 with 

characteristics described in Section 2.3. For the turbulent wind files, the simulation 

length is 10 min with the first 40 s ignored due to simulation startup  transients. In 

both cases, the two controllers used were the modified baseline controller (3.1),(3.9), 

(3.11), (4.9), (4.11), which is depicted in Figure 4.4, and the switching controller 

Figure 6.1. It is assumed tha t when an emergency stop occurs, the turbine is not 

restarted for the remainder of the 10 min simulation.

6 .3 .1  E x tr e m e  O p era tio n  G u sts

To test the effectiveness of the switching controller at preventing rotor over speed 

due to an EOG, different baseline wind speeds ranging from 14 m /s to 25 m /s in 

steps of 1 m /s were used. The gust arrives at 100 s and the metrics were calculated 

from 95 s to 130 s. Table 6.3 shows the number of emergency stops tha t occurred for 

both the modified baseline controller and the switching controller.

Table 6.3: Number of emergency stops due to overspeeds in EOG

W ind File Set Modified Baseline 
Controller

Switching
Controller

EOG 4 1

Figure 6.10 shows the summary of the DELs for the 12 EOG wind files. Since the 

switching controller prevented more overspeeds than the modified baseline controller 

the mean generator power is higher by 18% over 12 wind files. Overall, the DELs are 

lower for the switching controller. This indicates tha t for EOG conditions, switching 

can reduce turbine loads, even in cases where over speed does not occur.
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Figure 6.10: Summarized results for the EOG test cases. BL is the modified baseline 
controller and SC is the switching controller. Each box plot gives the 10% and 90% 
values (circles), the quartile ranges (boxes), the mean (red line), and the outliers 
(asterisks). Since the modified baseline controller resulted in more emergency stops, 
the mean generator power is lower and the tower DELs are higher.
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6 .3 .2  T u rb u len t W in d

Figure 6.11 shows a case with turbulent wind input and no overspeed. Hub-height 

wind speed, rotor speed, blade pitch angle, blade pitch rate, and generator torque are 

plotted for the modified baseline controller (a) and the switching controller (b) cases. 

In both cases, the red dotted line on the rotor speed plot is at 43.1 rpm, which is the 

overspeed limit. The red regions on the switching controller plots signify when the 

EEC was active or being switched to. The longer uses of the EEC, as indicated by 

the thicker areas of red near 40 s and 160 s, were caused by a gust being detected. 

The shorter uses of the EEC, indicated by the thinner areas of red near 290 s, 420 

s, 460 s, and 495 s, identify when switching was caused by a large output estimation 

error ey. Since a wind gust is a longer-lasting phenomenon than a large estimation 

error ey, a wind gust causes the EEC to be active for a longer period of time. In each 

of the cases where a large estimation error ey caused the controller switch, the wind 

turbine was transitioning from Region 2 to Region 3 operation. A transition from 

Region 2 to Region 3 occurs when the blade pitch angle deviates from its saturated 

value of 1.32 deg.

Figure 6.12 shows the same signals for a case when switching prevented overspeed. 

Overspeed occurred in the modified baseline controller at 396 s and triggered the 

supervisory controller. As a result of the blade pitch action from the supervisory 

controller, the rotor speed decreased to near 0 rpm.

For the results shown in Figure 6.12, the switching controller began to switch at

395.3 s. Since a large output estimation error ey caused this switch, a short transition 

time of 0.2 s was used. In this case, the short transition caused the actuator to 

operate at its maximum possible rate when switching to the EEC. Once the output 

estimation error ey decreased below 1.5 rpm, at 395.9 s, transition from the EEC to 

the baseline DAC occurred over a time of I s .  Most importantly, the turbine was able 

to continue operating as a result of switching.
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Figure 6.11: Time series comparison for the no overspeed case, (a) is for the modified 
baseline controller and the (b) is for the switching controller. In both cases the red 
dotted line designates the overspeed value of 43.1 rpm. When the EEC was being 
switched to or used is indicated by the vertical red regions on the switching controller 
plots.

58



Figure 6.13 shows a comparison of the chosen metrics of the switching controller, 

Figure 6.1, to the modified baseline controller, Figure 4.4, for the case when an 

emergency stop did not occur, Figure 6.11, and for the case when one did occur, Fig

ure 6.12. W hen the switching controller did not prevent any overspeeds, the switch

ing slightly decreased the total generated power and caused a significant decrease in 

tower base SS loading, but also an increase in the tower FA loading, as shown in Fig

ure 6.13(a). For the case when switching prevented an overspeed, the mean generator 

power was markedly improved, as shown in Figure 6.13(b). In addition the tower SS 

DEL was drastically increased and the tower FA loading was slightly decreased.

Figure 6.14 shows the differences in tower and blade loads caused by an emergency 

stop compared to transitioning from the baseline to the EEC and back to the baseline. 

When the emergency stop occurred for the modified baseline controller, designated 

by the red dotted line in (a), there is a noticeable change in the tower and blade 

bending moments. Once the turbine is stopped, the blade edgewise bending moment 

is dominated by the wind and the flap wise bending moments is dominated by gravity. 

The tower base SS bending moment increases in amplitude when the emergency stop 

occurs, as does the tower base FA bending moment. When controller switching occurs, 

designated by the red areas in Figure 6.14(b), there is little change in the bending 

moment amplitudes.

As shown in Table 6.4, the number of overspeeds is significantly reduced through 

the use of the switching controller. The mean generator power increases by 4.3% for 

the AR11 wind file set and 13.7% for the AR12 wind file set.

Figure 6.15 and Figure 6.16 show the box whisker plots for selected values for all 

31 simulations in AR11 and AR12, respectively. BL indicates the data  comes from 

the modified baseline controller and SC indicates the data  came from the switching 

controller. The whiskers extend to include the 10th percentile and 90th percentile 

of the data  and the red line indicates the mean of the data. Over the course of the
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Figure 6.12: When switching was not used, the modified baseline controller reached 
rotor overspeed at 396 s. The switched controller began switching to the EEC at
395.3 s. This switch was caused by a large output estimator error ey and so had a 
short transition time.
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Figure 6.13: Comparison of various metrics in wind files for (a) when an emergency 
stop did not occur in the baseline controller (Figure 6.11), and (b) when one did 
(Figure 6.12). A value of 100 indicates the equivalent quantity between the switching 
controller and the modified baseline controller.

Table 6.4: Number of emergency stops due to overspeeds in turbulent wind and 
the increase in mean generator power of the Switching Controller compared to the 
modified baseline controller.

W ind File Set Modified Baseline 
Controller

Switching
Controller

Mean Generator 
Power Increase

AR11 4 0 4.3%
AR12 10 2 13.7%
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Figure 6.14: Sample time-series plots of tower and blade loads during emergency stop 
and due to transition for an input wind file from AR11. The red dotted vertical line 
signifies when the emergency stop occurred in the modified baseline controller case 
and the red region indicates when the EEC was used.
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31 wind files from AR11, the modified baseline controller had lower DELs than the 

switching controller for tower base FA, despite having a greater number of emergency 

stops, as shown in Figure 6.15. A possible explanation is the larger RMS pitch rate 

for the switching controller, caused by switching. The other examined DELs, tower 

SS, blade edgewise and flapwise, did not show any stark differences between the 

two controllers. The mean generator power was greater by an average 4.5% for the 

switching controller case, since the turbine was able to continue operating.

Similar conclusions can be drawn from the box whisker plots for the 31 AR12 wind 

files in Figure 6.16. The mean generator power was greater by 13.7% for the switching 

controller and the tower SS, blade edgewise, and blade flapwise DELs did not show 

any large differences between the two controllers. The main difference between the 

AR11 and the AR12 results is in the tower base FA DELs, which are similar in the 

BL and SC cases for the AR12 wind files. Even though the RMS pitch rate is greater, 

on average, for the switching controller, the modified baseline controller underwent 

a greater number of emergency stops. Since emergency stops increase the tower FA 

bending moments, the increase in the to tal number of emergency stops increased the 

mean tower FA DEL for the BL case from the AR12 wind files compared to the AR11 

wind files.

In both  wind file sets, the maximum blade pitch rate was at its saturation values 

of 18 deg/s for each of the switching controller trials. Therefore, the transition time 

of 0.2 s for switching in response to a large output estim ation error ey may be too 

short. Two possible ways of preventing this actuator saturation from occurring are 

linearizing the EEC with a generator speed closer to the baseline DAC or increasing 

the transition time. In both cases, the risk of over speed occurring would increase.

Figure 6.17 shows one of the two cases from the set of AR12 wind files for which 

rotor overspeed occurs when using the switching controller, Figure 6.1. The time of 

the overspeed is indicated by the dashed white line. For the same wind file, over speed
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Figure 6.15: A summary of the wind turbine structural loads, power, and actuation for 
the AR11 wind file set. BL is the modified baseline controller and SC is the switching 
controller. An increase in Tower Base FA moments of the switching controller are 
seen, most likely due to the switching action’s increased root mean square (RMS) 
pitch rate.
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Figure 6.16: Comparison over 31 wind files for AR12. Since the modified baseline 
controller resulted in 10 overspeeds compared to 2 for the switching controller, (see 
Table 6.4), a large portion of the tower FA DELs were caused by emergency stops. 
In addition, the increased number of emergency stops reduced the mean generator 
power for the modified baseline controller.
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also occurred when the modified baseline controller was used, Figure 4.4. Control 

began to switch from the baseline DAC to the EEC at 90.5 s due to a large output 

estimation error ey. Since the blade pitch angle rate was saturated from the time 

of switching up until when overspeed occurred, this saturation could not have been 

prevented by any collective pitch EEC.

0 ) (!)

88 89 90
Time (s)

Figure 6.17: Switching controller results from a case where both the modified baseline 
controller and the switching controller fail to prevent overspeed. The red regions of 
the figure indicate when the EEC was used. The controller began switching at 90.5 s 
due to a large output estimation error ey.

Compared to the modified baseline controller, Figure 4.4, the switching con

troller, Figure 6.1, was able to prevent 13 over speeds over the set of 62 turbulent 

wind input files. The reduction in number of overspeed shutdowns increases the 

amount of energy a turbine can produce. Trade offs occur in pitch actuation require

ments and increased tower FA bending moments. When the switching is done with a
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longer transition time, as when a gust of wind is detected before it reaches the wind 

turbine through the use of LIDAR, the pitch actuation and loading due to switching 

are reduced. W hen a shorter transition time is used, in the case of switching off of 

the output estim ation error eyi the loads on the tower are increased.



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK

In this thesis various methods of incorporating LIDAR into DAC have been pre

sented. First, gain scheduling the DAC controller was presented, both scheduling on 

the blade pitch angle and the measured wind speed. Gain scheduling on the blade 

pitch angle significantly reduced the number of overspeeds tha t occurred compared 

to either no gain scheduling or gain scheduling on the measured wind speed.

Then, the method of directly using the wind speed measurements from a LIDAR 

with DAC was investigated. In the case of using LIDAR in place of the estimated 

disturbance, the desired rotor speed regulation was not achieved. W hen the LIDAR 

measurement was fed into the plant and disturbance estimators, the desired rotor 

speed regulation was achieved, but the generator speed output estim ator error ey was 

too high.

Finally, a switching controller was constructed to prevent overs peed shutdowns. 

The switching controller was designed to switch based on both the measured wind 

speed and the output estim ator error ey. The switching controller itself was com

posed of two DACs, with one designed for capturing the rated power and the other at 

preventing overspeeds. Bumpless switching between the two controllers was accom

plished using linear interpolation between the two controllers for various transition 

times. Overall, the switching controller resulted in fewer overspeeds than the gain 

scheduled DAC. Switching control is able to prevent most rotor overspeeds but caused 

some increases in blade pitch actuation requirements and DELs compared to the base

line DAC.

There are several possible future extensions of this work. One is to examine a 

nonlinear estim ator for use with the DAC architecture, since it was seen tha t large
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ouput estim ation errors ey sometimes resulted in overspeeds. Another possibility is 

to more thoroughly examine the many conditions under which overspeeds occur, so 

th a t the to tal number of times the controllers switch is reduced and overspeeds are 

still prevented. Since increased tower SS loading was seen in the switching controller, 

another possibility is to add a torque controller designed to dampen the tower SS 

motion. And finally, since wind gusts will not always come from directly upwind 

of the wind turbine, future work should examine the use of multiple LIDAR beams 

to detect wind gusts th a t have yaw misalignment and can assist in other IEC cases 

beyond just EOG.
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APPENDIX - EXAMPLE TURBSIM INPUT FILE

TurbSim In p u t  F i l e .  V a l id  for TurbSim v l . 50 , 22—Jul —2009; for CARTS 

s i m u l a t i o n s  .

------------------Runtime Options-

10835 RANDOMSEED

RanLux RandSeed2

F a l s e  WrBHHTP

F a l s e  WrFHHTP

F a l s e  WrADHH

F a l s e  WrADFF

True WrBLFF

F a l s e  WfcADTWR

F a l s e  WrFMTFF

TRUE WRACT

True C l o c k w i s e

0 S c a le lE C

25

25

-T u r b in e /M o d e l  S p e c i f i c a t i o n s  

NumGrid-Z 

NumGrid-Y

0 .01  T im eStep

6 5 0 .0  A n a l y s i s T i m e

6 5 0 .0  Usab leT im e

3 7 .0  HubHt

4 5 .0  G r id H eig h t

4 5 .0  GridWidth

0 VFlowAng

0 HFlowAng
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IECKAI 

1—ed.3 

”A”

1EIM

d e f a u l t

PL

37

18

d e f a u l t

0 .11

d e f a u l t

M e t e o r o l o g i c a l  Boundary C o n d i t i o n s  

TurbModel  

lE C s t a n d a r d  

lE C tur bc  

IEC-WindType  

ETMc

W i n d P r o f i l e T y p e

REEHT

UREF

ZJetMax

PLEXP

Z0

Non—IEC M e t e o r o l o g i c a l  Boundary C o n d i t i o n s

d e f a u l t L a t i t u d e

- 0 . 0 2 R1CH-NO

0.8 6 USTAR

d e f a u l t ZI

d e f a u l t PCJJW

d e f a u l t PC-UV

d e f a u l t PC-VW

d e f a u l t I n c D e c l

d e f a u l t IncDec2

d e f a u l t IncDecS

d e f a u l t CohExp

----------------C oh erent  T u r b u le n c e  S c a l i n g  P a r a m e t e r s --------------------

”C: \  Users  \ a p  ace \  R e s e a r ch  \ T u r b S i m \E v e n t D  at a ” CTEventPath  

’’Random” C T E v e n tF i le

tru e  Randomize

1.0 D i s t S c l

0 .5  CTLy

0 .5  CTLz
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30.0 CTStar tTime

---------------  User —D e f in e d  P r o f i l e s  (Used on ly  w i th  USR wind p r o f i l e

USRVKM s p e c t r a l  model)  -------------------------------------

5 NumUSRz

1 .092  S t d S c a l e l

1.0 S t d S c a l e 2

0 .5 3 4  S t d S c a l e S

Height  Wind Speed Wind —D i r e c t i o n  S td .  Dev Length

(m) ( m / s )  ( d e g ,  c n t r — c l o c k  w i s e  ) ( m / s ) (m)

15.0 3 00 .100 3

25 .0 4 00 .200 4

35 .0 5 00 .300 6

45 .0 6 00 .100 9

55 .0 7 00 .500 13

or

S c a le
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