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Abstract

Wind turbines are complex, nonlinear, dynamic systems forced by aerodynamic, gravitational, centrifugal, and
gyroscopic loads. The aerodynamics of wind turbines are nonlinear, unsteady, and complex. Turbine rotors are
subjected to a complicated 3-D turbulent wind inflow field, with imbedded coherent vortices that drive fatigue loads
and reduce lifetime. Design of control algorithms for wind turbines must account for multiple control objectives.
Future large multi-megawatt turbines must be designed with lighter weight structures, using active controls to
mitigate fatigue loads, while maximizing energy capture. Active damping should be added to these dynamic
structures to maintain stability for operation in a complex environment.

At the National Renewable Energy Laboratory (NREL), we have designed, implemented, and tested advanced
controls to maximize energy extraction and reduce structural dynamic loads. These control designs are based on
linear models of the turbine that are generated by specialized modeling software. In this paper, we present field test
results of an advanced control algorithm to mitigate blade, tower, and drivetrain loads in Region 3. The advanced
state-space controller uses independent blade pitch to mitigate the effects of shear across the rotor disk, and a
collective pitch component to add active damping to the tower’s first fore-aft bending mode, and, to regulate turbine
speed. In addition, a separate generator torque control loop adds active damping to the tower’s first side-side mode
and the first drivetrain-torsion mode.

In this paper we show a refinement to the generator torque control loop to account for actuator delay. We
discovered a delay in actuation between commanded generator torque and the torque actually applied to the high-
speed shaft. If this delay is not properly accounted for in the plant model used for control design, the generator
torque control loop tends to destabilize the first drivetrain torsion mode. We show modifications to the torque
control loop to account for this delay, and, to prevent unnecessary control actuation at certain harmonics in the rotor-
speed. We present field tests of this controller and make comparisons with a simple PID baseline controller for the
2-bladed Controls Advanced Research Turbine (CART2) located at NREL’s National Wind Technology Center
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Introduction

Control can improve the performance of wind turbines by enhancing energy capture and reducing dynamic loads.
At the National Renewable Energy Laboratory (NREL), we are implementing and testing state-space controls on the
2-bladed Controls Advanced Research Turbine (CART?2), a turbine specifically configured to test advanced controls.

Most large commercial wind turbines are variable-speed machines. In Region 2, the generator torque is controlled
to extract maximum power from the wind, while blade pitch is held constant. In Region 3, generator torque is held
constant, and blade pitch is used to regulate the speed of rotation of the turbine. Machines of the past used single-
input/single-output (SISO) controllers to meet these control objectives. These simple controllers, designed using
Proportional Integral Derivative (PID) control, were proven effective for the rigid machines of the past, since the
structural modes were well separated in frequency from the frequency band needed for the primary control
objectives.

Today’s trend is to design larger wind turbines with lighter weight components to reduce cost. These larger, more
flexible designs may reduce the natural frequencies of important flexible modes. Now the frequencies of these
structural modes might lie within the frequency band of the primary speed regulation loop. Designing the controls to
properly account for these structural modes is critical. In addition, the number of objectives that the controller must
meet increases to include: 1) maximizing power, 2) regulating turbine speed, 3) enhancing damping and increasing
stability, and 4) reducing loads. These multi-objective controllers could be designed using the SISO classical control
design methods, but this necessitates multiple control loops. The danger in this approach is that if not carefully
designed, these loops can couple with each other, leading to destabilization of the turbine. Advanced multi-variable
control design methods, in which all objectives are met in a very limited number of control loops, may be a better
long term solution, especially as machines become lighter, larger, and more flexible.

A promising load reduction control strategy uses independent blade pitch to mitigate the effect of asymmetric
wind variations across the rotor disk.' Recently, an independent blade pitch controller (IPC) has been designed and
field-tested in the NREL CART2 machine.? This controller uses a classical control approach to design PID SISO
control loops to reduce the once-per-revolution (1P) rotor loads that occur due to asymmetric shear across the disk.
They also regulate speed in Region 3 and add active damping to the tower’s first fore-aft mode.' Impressive load
alleviation results were demonstrated with this conventional IPC control approach. In other work, a feedback/feed-
forward individual pitch control method was described and tested through simulation.’ This method used an optimal
multi-variable Linear Quadratic Gaussian (LQG) controller and a feed-forward disturbance rejection controller
based on estimated wind speed in Region 3. This IPC approach is extended from the usual alleviation of just 1P
loads, to higher harmonics — 2P and 3P load reduction. Simulation results demonstrated very good load reduction
compared to the conventional IPC method in simulation studies. In another approach, two separate multivariable
control loops were designed, one for the speed control and active damping of the tower fore-aft mode using
collective pitch, and the other for reduction of yaw and tilt rotor moments acting on the hub.* These two controllers
were based on robust control design methods by minimizing an H,, norm of a weighted cost function.

In a previous paper, we showed preliminary test results from state-space controllers that perform speed regulation,
load mitigation, and active damping using just two control loops.’ A single blade pitch control loop performs Region
3 speed regulation, active damping of the tower first fore-aft (f-a) mode using collective pitch, and mitigation of
shear across the rotor disk with IPC. The independent blade pitch control loop is designed using Disturbance
Accommodating Control (DAC), including disturbance models, to account for the uniform and asymmetric wind
disturbances across the rotor disk.® A separate generator torque control loop adds active damping to the tower first
side-side (s-s) mode and first drivetrain torsion mode. The generator torque control loop adds perturbations onto the
normally constant Region 3 generator torque to perform this active damping.



This paper presents a refinement of the generator torque control loop, as well as, further field-tests of this two-
loop control architecture. We first discuss the turbine configuration and test set-up. We then review the pitch and
generator torque control designs. We describe refinements made to the generator torque control loop to improve its
performance in the presence of actuator delay, and to reduce control actuation at per revolution harmonics of the
rotor-speed, where control is not needed. We then show field test results on the CART2 (Fig. 1) at the National
Wind Technology Center (NWTC). We compare performance of the multi-variable state-space controller to a
baseline controller based on a form of PID design.

Now, we describe the turbine for field implementation and testing.

CART2 Configuration

The CART2 (Fig. 1) is a two-bladed, teetered, upwind,
active-yaw wind turbine. This machine is used as a test bed to
study aspects of wind turbine control technology for medium-
to large-scale machines.’

The CART?2 is variable speed, and each blade is capable
of being independently pitched with its own
electromechanical servo. The pitch system can pitch the
blades up to 18 degrees per second (deg/s) with pitch
accelerations up to 150 degrees per second/second (deg/s"2).
The squirrel cage induction generator, with full power
electronics, can control torque from minus rating (motoring)
to plus rating (generating) at any speed. The torque control
loop has a very high rated bandwidth of 500 radians per
second (1/s).

Figure 1. The two-bladed controls
advanced research turbine (CART2). Rated electrical power (600 kilowatts at a low-speed shaft
[LSS] speed of 41.7 revolutions per minute [rpm]) is
maintained in Region 3 using a conventional variable-speed
approach. Power electronics are used to command constant torque from the generator, and the blade pitch regulates
the rotor speed.

The machine is equipped with a full complement of instruments that gather meteorological data at four heights.
Blade-root flap and edge-strain gages, tower-bending gages, and low-speed shaft (LSS) and high-speed shaft (HSS)
torque transducers gather load data. Accelerometers in the nacelle measure the tower’s fore-aft (f-a) and side-side (s-
s) motion. Absolute position encoders gather data on pitch, yaw, teeter, LSS, and HSS positions. These data are
sampled at 100 Hz. The custom-built control system collects the data and controls the turbine at a control-loop cycle
rate of 100 Hz. This system is personal-computer-based and very flexible.

Next, we will review the design of the state-space controller that we field-tested.

Review of Original Control Designs

The control designs tested in this paper are based on linear time invariant (LTI) state-space control design
methods. A linear time-invariant state-space model for the CART2 dynamics used for control design can be
described as:

x=Ax+Bu+B,u,

y=Cx+Du+D,u, )

where u is the vector of control inputs; perturbed pitch rate of each blade or generator torque to be described

shortly. The vector u, is the disturbance input. X and ) are the state vector and measurement vector respectively,



described below. The matrix A is the system matrix, B is the control input transmission matrix, B, is the

disturbance input transmission matrix, C relates the measurements to the states, ) relates the measurements to the

control input, and Dd relates the measurements to the disturbance inputs. The system matrices A, B , B ,.C, D,

and D, are found by linearizing an aeroelastic model about an operating point in Region 3 using the Fatigue-

Aerodynamics-Structures-Turbulence (FAST) code.”

This control is performed in two separate control loops, as shown in Figure 2. The independent blade pitch
control loop regulates turbine speed, mitigates asymmetric wind disturbances across the rotor disk, and actively
damps the tower’s first fore-aft mode. The separate generator torque control loop adds active damping to the tower’s
first side-side mode, as well as, the drivetrain’s first torsion mode.

Nominal Generator Total Gen.
y Conventional Torque Torque
——3| Variable-Speed :f\
Controller \‘/
Added Gen. r

Y _ State-Space Torque

”| Torque Controller
Y| state-Space Ind. Blade Pitch Rates

~| Pitch Controller

Figure 2. State-space controller architecture.

Review of Independent blade pitch control loop:

We based our independent pitch control design on Disturbance Accommodating Control (DAC).® The basic idea
of DAC is the augmentation of the usual state-estimator-based controller to recreate disturbance states via an
“assumed-waveform” model. These disturbance states are used as part of the feedback control to reduce
(“accommodate™) or counteract any persistent disturbance effects.® In Eq. (1), we assume a disturbance generator in
the form of an additional state-space model for the wind disturbances:

Zd(l) =Fz, @)
u,()=0z,0) 2)

where z, is the disturbance state vector, F' is the disturbance generator state matrix, and ® relates the

disturbance u ,(¢) to the disturbance states.’

The objectives of the Region 3 independent blade pitch control algorithm are to regulate speed to 41.7
revolutions per minute (rpm), and to add active damping to the tower’s first fore-aft bending mode, as well as to
mitigate the effects of asymmetric wind disturbances across the rotor disk. As described above, the CART2 is a two-
bladed teetering hub machine. We will assume that the teeter degree of freedom (DOF) is locked in the design of
this independent blade pitch controller, since the states corresponding to the teeter DOF are not included in the
control design.

We include two wind disturbances in the vector # , in Eq. (1): a disturbance representing the linear part of the

wind shear, and a disturbance uniform over the rotor disk.” The linear shear disturbance terms will induce
independent blade pitch commands that will mitigate the effects of shear variations across the rotor disk. The
uniform disturbance will induce rotor collective pitch commands, which act to regulate speed. A collective pitch
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component also actively damps the tower first fore-aft mode. Both the independent blade pitch and collective pitch
commands are contained in the blade independent pitch loop shown in Fig. 2.

U,

{u i (t)} {linear shear disturbance } 3)

Nu 0, (D) uniform wind disturbance

The vector of plant states X for this control model can be described by:

7perturbed tower 15'f-a bending deflection |
perturbed blade 1 flapwise deflection 4)
perturbed blade 2 flapwise deflection
perturbed tower 15'f-a bending velocity
perturbed generator speed

perturbed blade 1 flapwise velocity
perturbed blade 2 flapwise velocity
blade 1 perturbed pitch angle

blade 1 perturbed pitch rate

blade 2 perturbed pitch angle

blade 2 perturbed pitch rate

=
Il

In this plant model, extra states are included to model the effects of actuator dynamics. These states are appended
to the normal plant model states, as seen in Eq. (4). The control input # consists of the perturbed pitch rate of each
blade (generator torque will be the control input in a separate control loop described in the next section):

Y= perturbed blade 1 pitch rate 5
= | perturbed blade 2 pitch rate

We select the following five CART2 measurements:
perturbed generator speed
perturbed blade-1 pitch angle (6)
perturbed blade-2 pitch angle

I'<
I

perturbed tower-top fore-aft acceleration

%(blade-l root flapwise bending moment - blade-2 root flapwise bending moment)

Based on these turbine measurements, state estimation is used to estimate states needed in the full state feedback
control.  These measurements provide the number necessary to provide an observable system so that state
estimation can be performed. ’

The controller was designed from a linear state-space model described above for the Region 3 operating point,
defined by a rotor speed of 41.7 rpm, hub-height wind speed of 18.0 meters per second (m/s), and a pitch angle of 11
degrees (deg.). Reference (2) describes selection of the gains corresponding to the plant and disturbance states as
well as state estimator gains.

Review of Torque control loop:

Normally, generator torque in Region 3 is held constant. In this generator torque control, perturbations in
generator torque are used to add active damping to the tower first side-side (s-s) mode, as well as the first drivetrain
torsion mode. We applied the state-space controls as perturbations of torque, in addition to the conventional Region
3 constant torque. This controller is designed separately from the rotor collective pitch controller using a separate
linear model of the CART?2.



The state-space model of the CART?2 for design of the generator torque control is described by Eq. (1), without
the disturbance u,. For the generator torque controller, we do not need to mitigate shear or uniform wind
disturbances as with the pitch controller.

A linear model based on the following states was used to design this controller:

[ perturbed tower first s-s bending deflection |
perturbed drivetrain first torsional deflection
perturbed tower first s-s bending velocity : (7)
perturbed generator speed
perturbed drivetrain first torsional velocity
tower-top acceleration filter state 1

| tower-top acceleration filter state 2

[=
Il

The inputs (measurements) to the state estimator controller are:

®)

__ | perturbed generator speed
| perturbed tower-top s-s acceleration

We added filter states to the state-space model to include a second order filter for removing high frequency noise
from the tower accelerometer data. ' We again used LQR to design this controller.

Now u consists of the perturbed generator torque as the single control input for this control loop. The system

matrices (4, B, C, and D) are found by linearizing a FAST aeroelastic model at the same operating point selected for
the blade pitch control design described above. The LQR state weightings were chosen to add active damping to the
tower first side-side and drivetrain first torsion model."

Initial Tests:

We implemented and began initial field tests of this two-loop, state-space controller in the winter of 2009. In the
spring of 2009, the CART?2 experienced a gearbox failure (caused by a gear-tooth alignment problem). The gearbox
was replaced in the summer of 2009 and controls testing resumed later in the fall. Many 10-minute datasets were
collected, with both the state-space controller and baseline controller, before gearbox failure and after gearbox
replacement.

Testing of both controllers was performed, with the CART2 teeter degree of freedom locked, by maintaining
high teeter brake pressure throughout the tests. In addition, to compare turbine loads and response between the
controllers in Region 3, we extracted segments of data from each data-set that met certain criteria for Region 3
operating conditions, such as a rotor-speed above a certain limit, blade pitch angles between a certain range, etc.
After these sub-sets of data were extracted, we concatenated these data together to form one long continuous dataset
representing Region 3 operation for each controller. We then used MCrunch'! to calculate statistics of the data and
fatigue damage equivalent loads (DELSs)'? for the tower, drivetrain, and blades.



Perhaps the best illustration of these initial field results can be seen by examining the component fatigue DELs,
shown in Figure 3. Here, all results have been normalized so that the fatigue DELs for the PID baseline controller
are equal to one (shown in dark blue). The green bars show the data for the state-space controller tested before
gearbox failure and replacement. The red bars show the results for the same state-space controller tested after
gearbox replacement. The most striking result is the state-space control results after gear replacement, which show a
large increase in Low-Speed Shaft (LSS) Torque DEL (200%). Indeed, even before gearbox failure and
replacement, the state-space controller was not reducing the DEL loads in the low-speed shaft as designed, as
indicated by the green bars. The state-space controller tended to reduce loads in the other components, although this
performance seemed to degrade after the gearbox replacement.

= PID

1.8
1.6 -
14
1.2

m State-space before GB replacement

B State-space after GB replacement

0.8 +
0.6 -
04 -
0.2 +

Normalized Value

Low-speedShaft Towers-sbending Towerf-abending Blade flap-bending
Torque DEL (Nm) DEL (kNm) DEL (kNm) DEL (kNm)

Load Category

Figure 3. PID and state-space controller field-test results
component DELs.

A plot of the time series for Low-Speed Shaft (LSS) Torque indicated a dramatic load increase from the state-
space controller after the gearbox replacement, as seen in Figure 4. Data was collected early in 2009 until the
gearbox failure, which corresponded to the time series up to 700 seconds; data collected after gearbox replacement
is shown after 700 sec. Figure 4 also shows a shorter section of data that compares data collected from the state-
space and baseline controller after gearbox replacement. The state-space controller clearly excites the drivetrain at
the first torsion mode, and does not meet the intended goal to add damping in this mode. This reflects a problem
with the generator torque control design. Indeed, the generator torque controller tended to excite this mode to a
lesser extent even before gearbox failure, but this problem was not discovered until after the gearbox replacement
because of the dramatic increase in loads. A slight increase in the natural frequency of the actual drivetrain caused
by the new gearbox may have accentuated this problem, causing the large increase in loads from the state-space
controller after 700 sec.

We calculated the Power Spectral Density (PSD) of the LSS torque from each controller as seen in Figure 5.
These results show peaks at 3.4 and 3.6 Hz, which correspond to the first drivetrain torsion mode in closed-loop.
The state-space controller not only increases the magnitude of this peak, but also increases its frequency, further
indicating that the state-space controller is destabilizing this mode.
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We investigated the cause for this loss in control performance. Upon examining CART?2 test data, we discovered
that a small time delay occurs between the time that generator torque is commanded by the controller and the time
that this torque is actually applied to the system. This delay is present in data collected both before and after the
gearbox replacement. Figure 6 shows field-test data for the CART?2, illustrating a significant time delay between the
commanded generator torque (demanded) and the applied torque to the High-Speed Shaft (measured). After
examining several of these events, we determined that the average time delay was about 0.05 sec. The fact that the
generator torque controller does not account for this time delay could explain the cause of the destabilization in this
mode.

To examine the effects of the delay more closely, we modeled it using a first order Pade approximation.'* The
phase loss at the 1™ drive train torsion frequency from this delay is approximately 58 degrees (deg.), as seen in
Figure 7. To correctly add damping to the first drivetrain torsion mode, the generator torque controller must account
for this phase loss.



To further study the effects of delay, we examined Bode plots of the models of the closed loop system, which
consisted of the generator torque controller (before any modification to account for the delay) and linearized plant
models, modified to include a 0.05 sec. delay between commanded generator torque and the actual torque input to
the plant (red), seen in Figure 8. When placed in closed-loop with a plant having time delay, the generator torque
controller tends to destabilize this mode, increasing the magnitude of the peak and increasing the natural frequency.

This helps explain the behavior of the field test results in Figure 5, which show a shift in natural frequency and an
increase in magnitude of the first drivetrain torsion mode from the state-space controller.

We also targeted another modification to the generator torque control loop. In reviewing PSD plots of generator
torque from data collected from the state-space controller, we noted undesirable control actuation at frequencies
corresponding to once and twice the rotor rotation rate (1P and 2P). We desired to eliminate this unnecessary control
actuation. The proximity of the tower first side-side mode (0.87 Hz) and the 1P rotor frequency (0.7 Hz) prevented

us from simply filtering the generator torque controller output. It is clear that the generator torque controller must be
re-designed to include the effects of filtering to remove this actuation at 1P and 2P.

We now show these generator torque control loop modifications.

| | ===+ demanded |

==== measured

Figure 6. Plot of time series of commanded and
measured generator torque showing delay.
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Control Design Modifications and New Test Results

The generator torque controller was re-designed to include the effects of the time delay and to eliminate
unnecessary control actuation at 1P and 2P. The re-design to account for delay consisted of augmenting the linear
plant state-space model, with a single state representing the delay, from the Pade approximation model."

In addition, we refined the generator torque control design to reduce generator torque control actuation at the 1P
and 2P rotor harmonics. We followed an approach that adds a frequency-dependent state and control weighting
matrices to the standard LQR optimal control problem.'* Using frequency shaped cost functionals, a control designer
may explicitly shape the loop dynamics, by selecting state and/or control weighting functions. To reduce control
actuation at 1P and 2P, we penalized control actuation at these frequencies using inverted notch filters centered at
these two frequencies. We calculated the full state feed-back and state estimator gain matrices by casting this
augmented system as an H2 optimization problem and solving the resulting matrix Riccati equations in MATLAB.'

We implemented the revised generator torque control loop in the CART2 and resumed field tests. We again
tested both the revised state-space controller and the baseline controller. MCrunch again was used to calculate
statistics and DEL fatigue loads from the test data. Table 2 shows statistics of the results, from both the baseline
controller and the revised state-space controller. Figure 9 shows component load fatigue DELs, comparing the
performance of the revised state-space, original state-space, and baseline controllers. Of significance is the large
reduction in the Low-speed Shaft Torque DEL, with the revised state-space controller (state-space new). This load
reduction reflects the re-design to account for the effects of the generator torque time delay. It also reflects the
modified LQR design, with frequency weighting on the control output at the 1P and 2P rotor harmonics — preventing
unnecessary control actuation at those frequencies. Preventing this unnecessary control actuation also reduces torque
loads that the generator applies to the drivetrain at 1P and 2P.

We also compared psd’s of the Low-speed Shaft Torque from the baseline and revised state-space controllers, as
shown in Figure 10. This figure shows a dramatic reduction in the magnitude of the peak at the first drivetrain
torsional frequency, from the revised state-space controller, showing that active damping is successfully being
applied to this mode using generator torque control.
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TABLE 2. COMPARISON OF BASELINE AND
STATE-SPACE CONTROLLER (BLADE INDEPENDENT PITCH AND GENERATOR TORQUE) DATASET STATISTICS FOR
REGION 3 OPERATION (LOCKED TEETER)

Statistics and Baseline Revised State-Space
Performance Measure PID Control (1460 sec.) (1220 sec.)
Wind speed (m/s) mean 14.92 mean 15.83
std 2.33 std 1.90
Rotor speed (rpm) mean 41.61 mean 41.28
std 0.30 std 0.44
Blade pitch (deg) mean 6.21 mean 9.06
std 4.18 std 2.02
Blade pitch rate (deg/s) std 2.1 std 3.2
max 13.9 max 14.9
min -11.4 min -15.3
Generator torque (kNm) Std 158.4 std 124.8
Max 3524 max 4002
min 2526 min 3048
2 mPID
18 @ State-space old
m State-space new
1.6
g 14
S 12
3
N1
t_\! 08 4
£
1
O 0.6 -
4
0.4 -
0.2 1
0 |
Low-speedShaft Towers-sbending Towerf-abending Blade flap-bending
Torque DEL (Nm) DEL (kNm) DEL (kNm) DEL (kNm)
Load Category

Figure 9. PID, old state-space, and new state-space controller field-test results component
DELs.

The revised state-space controller also reduces loads in the other components, as seen in the red bars in Figure 9.
The collective blade pitch controller is reducing tower fore-aft fatigue DELs by adding active damping to the
tower’s first fore-aft mode. The generator torque controller is successfully reducing tower side-side fatigue DELS
through active damping of the tower’s first side-side mode. The independent blade pitch is reducing the blade flap-
bending fatigue DEL’s through mitigation of the effects of shear across the rotor disk. This is a result of including a
model of the shear disturbance into the augmented plant model used for the design of the independent blade pitch
controller. All of the objectives in blade pitch control are accomplished, with just a modest increase in blade pitch
rates, compared to the baseline controller, as seen in Table 1 (blade pitch rates).
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In Figure 11, we see that the new generator torque state-space controller eliminates control actuation at 1P and
2P, when compared to the old generator torque state-space controller. Both controllers provide actuation at the
tower’s first side-side (s-s) mode, meeting the control objective of adding damping to this very lightly damped
structural mode. Elimination of actuation at these per-revolution harmonics of rotor-speed also contributes to the
fatigue DEL reduction, from the revised controller, seen in Figure 10.

PSD Plots of Shaft Torque
PSD Plots of Generator Torque

3,
Il
Il

PSD of LSS Torque

PSD of GenTorque

Frequency, Hz 0 0.5 1 15 2 25 3

Frequency, Hz

Figure 10. Plot of power spectral density of Low-

Speed Shaft Torque, from data collected with the Figure 11. Power spectral density of generator
baseline and state-space controller. torque from old and revised state-space
controllers.

Conclusions

A two-loop control architecture for mitigating wind turbine fatigue loads in Region 3 has been described. The
blade pitch control loop is designed to regulate turbine speed and add active damping to the tower’s first fore-aft
mode, with a collective pitch component, and to mitigate the effects of asymmetric wind distributions across the
rotor, with an independent blade pitch component. A separate generator torque control loop adds active damping to
the tower’s first side-side mode, as well as, to the drivetrain's first torsion mode. These control loops are designed
using standard LQR theory. The blade pitch control algorithm is designed using Disturbance Accommodating
Control, wherein a model of the disturbance using disturbance waveforms is included in the linear model for control
design.

After implementation and the initial field tests of this advanced controller, the CART2 machine gearbox failed
due to a gear tooth misalignment. After replacement of this gearbox with a spare, field tests were resumed. The
generator torque control loop seemed to increase drivetrain torque loads dramatically, when compared to the limited
data gathered before the gearbox failure. The cause of this instability was determined to be a small time delay (0.05
sec.) between the time that the generator torque was demanded and application of the torque to the real plant. The
original generator torque control loop did not account for this delay.

The generator torque control loop was re-designed to account for this delay, as well as, to reduce unnecessary
control actuation at certain harmonics in the rotor-speed. Initial field tests of the re-designed controller demonstrated
improved control performance due to these modifications. Initial field tests demonstrated that the two loop blade
pitch controller and generator torque controller successfully reduced fatigue loads in the Low-speed shaft, blade
roots, and tower.

Initial test results, with the state-space controller, show promise for the load mitigation capability of this
controller, compared to a standard baseline PID controller in Region 3 turbine operation. Further testing of this
revised state-space controller is needed to further validate the performance of this controller. Additional tuning of
the gains may be attempted to obtain further load reductions, especially in the blade flap-bending loads, by tuning
of the shear disturbance gain. These gain increases will have to be balanced, with the resulting increase in blade
pitch rates. We believe that more significant blade load reductions may be possible through increasing this
disturbance gain.

12



Future Work

We plan to continue field-tests of this two loop control architecture on the NREL CART2 machine. These final
tests will conclude the work on this two-loop advanced controller and the results will be documented through a final
report.
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