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ABSTRACT

Wind is a clean, sustainable and domestic source of energy that is rapidly becoming cost-competitive
in a variety of markets. Advances in wind energy technology have lowered the cost of wind energy, that
had led to significant growth in wind energy production in recent years. In 2021, 9.2% of total U.S.
utility-scale electricity generation came from wind turbines. However, the goal is to produce 20% of the
U.S. electricity demand by 2030 by wind energy. Wind energy provides a cost-competitive source of
electricity, but to maintain and improve competitiveness further improvements to the design of turbines is
necessary to decrease the levelized cost of energy (LCOE). Within conventional turbines (three-bladed
upwind), the size of turbines has been limited due to the huge mass required to ensure the blades are stiff
enough to prevent tower strike, which raises costs, as well as infrastructure issues such as production,
transportation, and installation. A novel downwind two-bladed or three-bladed design has the potential to
greatly decrease the cost of wind energy for offshore-extreme-scale configurations, in part by reducing the
necessary stiffness and mass.

The multi-disciplinary design process of which this thesis details one contributor’s part results in a
final ultra-scale turbine configuration that reduces LCOE relative to other existing offshore wind turbines.
Our wind turbine designs need novel advanced control because of their unique design and large scale.

In this thesis, the high-level design process, control methods for a Segmented Ultralight Morphing
Rotor(SUMR) 50-MW wind turbine, SUMR-D (demonstrator), and 25 MW Segmented Outboard
Articulating Rotor (SOAR) turbine is presented. The main focus of this thesis is shutdown and operating
at high wind speed which is applied on SUMR and SOAR turbines. Soft shutdown controllers are designed
to keep the turbine safe from abrupt shutdown procedures at high wind speeds. In addition, model
predictive control (MPC) is designed to reduce the number of unnecessary shutdowns to keep the turbine
safe from shutdowns and prevent the reduction in annual energy production (AEP) caused by shutdowns.
Although linear MPC can reduce the number of shutdowns in the cut-out region, unfortunately, MPC
comes with its shortcoming. The Linear MPC does not outperform the classic PI controller in other
regions. The proper controller should be able to work across all regions. On the other hand, the very
well-known issue of the MPC is its expensive computational cost. As a result, the final chapter introduces
the switching PI-MPC. The PI-MPC controller is designed to operate in all regions of wind turbines; it is
faster than stand-alone MPC and can reduce the LCOE by maintaining the operation in an extended

cut-out region.
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while just one case from Pl is has higher load than PI-MPC. . . . . . ... ... ... ...

Table 5.8 This table shows the LCOE based on the AEP and other factors to calculate the LCOE.
Seven con gurations are shown and for the cases with the PI-MPC controller the cost of
LIDAR is taken into account. The values for BOS and OPEX numbers are from the .
The rated power is 25 MW, balance of station cost is 178%/kW, and FCR is 0.056% for

all cases. . . . . . e

Table 5.9 This table shows four di erent LIDAR with their costs and lifetime. . . . . .. ... .. ..
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CHAPTER 1
INTRODUCTION

Conventional upwind wind turbine blades can be expensive. For wind energy to compete with other
sources of energy and to continue its major role in U.S. energy independence, a more e cient, novel, and
larger wind turbine design with lower cost is necessary. Downwind turbines appear to be a potential
alternative for helping wind energy compete with traditional wind turbines. One way to reduce the cost of
wind energy is to design a large-scale wind turbine; large-scale wind turbines have giant blades that can
capture more wind, and higher wind speed is available at a higher height [1].

Turbine size has been limited in conventional turbines. To avoid blades striking the tower on an upwind
turbine, more mass or more costly materials are needed to increase the blade sti ness. Increasing the mass
increases the expenses too. Susceptibility to hurricanes is another factor for this limitation. Downwind
turbines have a unique ability to align loads which can help to reduce the risk of storm susceptibility. The
load alignment capability is bene cial to segmented ultralight morphing rotor (SUMR) and segmented
outboard articulating rotor (SOAR) wind turbines. Due to infrastructure constraints such as fabrication,
transportation, and installation, traditional turbines are also limited in size.

A novel downwind two-bladed design might considerably reduce the cost of wind energy for o shore
extreme-scale con gurations [2]. Novel design solutions are essential for a variety of reasons. When turbine
rotors grow in size, typical design options, equipment, and methods may no longer achieve optimal
multi-megawatt turbines. Larger rotors, for example, have lower rated rotational velocity and blade natural
frequencies, which can result in destructive resonance and overlapping bandwidths not observed in 10 MW
wind turbines [3, 4].

Because multiple areas must be compiled and analyzed to achieve the best design, wind turbine design
necessitates expertise from several elds such as structures, aerodynamics, and control. Under the umbrella
of co-design, one method for the multi-disciplinary design process has been de ned to achieve an optimal
design while taking into account the synergistic interaction between several turbine subsystems [5] and [6].

Our SUMR team includes members from di erent universities, national labs, and industry with
di erent expertise inspired by co-design. The SUMR team originally included the University of Virginia,
Colorado School of Mines, University of lllinois, University of Colorado Boulder, Sandia National Lab and
the U.S. National Renewable Energy Laboratory (NREL). Later, the University of Texas-Dallas and
General Electric joined the project and Sandia left. The SUMR team has designed an extreme-scale blade

that is also segmented. Manufacturing 200 meter blades with current technology is limited and



segmentation can help with these constraints and can assist the transportation. For this one-of-a-kind
turbine, an innovative control system design is also required. The SUMR turbine's blades are extremely
light and exible. Also, unlike typical turbines, the SUMR wind turbine has two blades.

The SUMR project was started by designing the SUMR-13 MW and then SUMR-50 MW turbine. Also,
the team designed the gravo-aero-elastically-scaled SUMR-D wind turbine. The SUMR-D was
manufactured and eld-tested. Later, the team worked on a SOAR-25 MW wind turbine. More

information about three of these four designs is provided in the following sections.
1.1 SUMR-50 Wind Turbine

The SUMR team set out to design the world's largest wind turbine: a 50-MW wind turbine [4]. The
SUMR technology enables a signi cant increase in rated power, from a typical of 5-10 MW to the 50-MW

system. Figure 1.1 illustrates the di erent scales of the SUMR wind turbines.

Figure 1.1 The SUMR scaled wind turbines, including the initial design of the SUMR-13, which has been
gravo-aeroelastically scaled for eld testing on SUMR-D at the same time as being scaled up to SUMR-50
for further conceptual design [2]. Figure Copyright: Chris Qin. Used with permission.

To overcome the conventional design restrictions associated with extreme scales, new rotor designs are
essential. Blades with berglass shells are commonly used in traditional upwind turbine systems,
necessitating only slight aeroelastic de ection. The blade mass challenges are caused by the increasing
sti ness to decrease tower strikes and fatigue. Load alignment, which can reduce blade mass, reduces
cantilever loading [7] and is employed as part of the SUMR project, leading to more exible blades.

New approaches in turbine blade design, as well as advanced controllers, are required to reduce mass.



The SUMR turbine's novel design can morph and sway in response to the wind. The structural
requirements are substantially reduced as a result of this capability [2].

This uniqgue morphing design provides many advantages, including decreasing rotor mass, production,
transportation, and installation costs [8]. Due to the uniqueness of the SUMR/SOAR wind turbine design,
several aspects of their uniqueness, such as exibility, downwind, and large scale, should be addressed by
advanced controllers. Blade exibility and downwind of the turbine impact determination of the loads and
tip de ection limits (tower clearance). In addition, the large-scale turbine brings new challenges that
conventional turbine controllers may not need to address. For example, investigating that the aerodynamic
brake can solely stop the large-scale turbine safely in time in a fault event such as one blade stuck without
using the mechanical brake. Although this is the case for conventional turbines, the investigation is needed
to ensure the large scale of the turbine would not be problematic for stopping the turbine solely with one
blade without applying a mechanical break.

SUMR-50 wind turbine has been simulated and several International Electrotechnical Commission
(IEC) tests have been done to investigate the feasibility of this huge wind turbine. More information about
SUMR-50 design is provided in [9]; here we provide background for the control design contributions in this
thesis. The SUMR-50 must be built to resist hurricane-force winds and a di cult operational environment
because it is an o shore design site. As a result, the design load cases (DLCs) chosen must match the
in ow conditions the turbine may see over its 20-year operational life. The rotor must be designed to
tolerate both faults and severe in ow situations. The subset of DLCs used for load study during the the
team's SUMR-50 design are shown in Table 1.1, and for each major design iteration, all DLCs speci ed in
the table were simulated by the control team to assess the maximum magnitude of the total blade bending
moment (combined apwise and edgewise) experienced by the blade root [9]. The abbreviations that

appear in Table 1.1 are:
" DLC: Design Load Case

ECD: Extreme Coherent Gust with Direction Change
EDC: Extreme Wind Direction Change

EOG: Extreme Operating Gust

ETM: Extreme Turbulence Model

~ NTM: Normal Turbulence Model

" EWM: Extreme Wind speed Model



~ EWS: Extreme Wind Shear

" V: Wind Speed (m/s)

" V;: Rated Wind Speed (m/s)

" Vip : Cut-in Wind Speed (m/s)

" Vout : Cut-Out Wind Speed (m/s)

" Vhu: Wind Speed at Hub Height (m/s)

Table 1.1 Suite of DLCs selected for the design of the SUMR-50 [10]. The DLCs in the table are for
ultimate load analysis.

Design situa- | DLC Wind Condition Other Condi-
tion tions
1) Power pro- | 1.1 NTM Vin <Vhw < Vout
duction

13 ETM Vihn <Vhup <Vou

1.4 |ECDViwb = Vr 2m/s, V;, V; +2 m/s

15 EWS Vin <Vhu <Vout
2) Power pro- | 2.2 NTM Vin <Vhuw < Vout Protection
duction plus system or
occurrence of preceding
fault internal elec-

trical fault
2.3 EOG Vi = Vi 2m=s and Vyu External or

internal elec-
trical fault
including loss
of electrical

network
5) Emergency | 5.1 NTM Vi = Vi 2m=s and Vyt
Shutdown
6) Parked | 6.1 EWM 50-year recurrence period yaw misalign-
(standing ment 1
still or idling)




For better visualization, the blade edgewise bending momentil,,) and blade apwise bending moment

(My,) coordinate system is illustrated in Figure 1.2.

Figure 1.2 This gure depicts the apwise and edgewise bending moment direction on the blade.

In addition to monitoring blade ap and edgewise moments individually, the vector sum of the edgewise
and apwise moments must be assessed.

The design process and decision making for the SUMR-50 wind turbine is explained in [9].
1.2 SUMR-D Wind Turbine

The SUMR-D turbine is a 38 KW, downwind, 2-bladed turbine that is a scaled version of the
SUMR-13. This turbine was eld-tested in 2018-2019 at NREL. Figure 1.3 shows the SUMR-D rotor
installed at NREL.



Figure 1.3 The downwind, Segmented Ultralight Morphing Rotor demonstrator (SUMR-D) wind turbine.
Photo copyright Kathryn Johnson. Used with permission.



An important part of this project has been an opportunity to conduct eld tests, which is very di cult
for a large-scale wind turbine. Several simulations for the SUMR-D design were compared with the eld
data. From these load and tip de ection analysis, we could identify the design-driving load case. The
design driving load case is the load case that causes the highest load or the least tip de ection limit (tower
clearance) toward the tower [11]. The structural design is based on the design driving load cases. Our

analysis objective was to identify design-driving as follows:

" Design-driving cases that were identi ed in simulation are for comparison with FAST data for the
SUMR-D blade design [12]. Among these design-driving cases, shutdown events have been compared

with FAST simulations. (The shutdown procedure is de ned and clari ed in Chapter 2)

" Unusual cases that were not among DLCs and were not predicted by FAST before eld tests might

need additional analysis or software updates.

The SUMR-D eld tests started 2018. Data was obtained for a set of operating, shutdowns, stopped
occurrences across a variety of wind speeds. The goal of the eld testing was to ensure that the scaling
method and the aeroelastic modeling and control technique were both accurate [13] and to verify the
OpenFAST software [14]. The team performed extensive load analysis, changes for manufacturability, and
revisions for testing on the CART2 turbine tower and nacelle system [13].

Blade root bending moments were estimated in OpenFAST simulations for three modes aligned with

IEC DLCs provided in Table 1.1 in comparison to eld data [13]:
" Operational (DLC1.x)
" Shutdown (DLC 2.1, 2.2, 5.1)

~ Parked/ldling (DLC6.1, DLC6.2)



Figure 1.4 displays a sample of shutdown cases (teal dots) that generally match OpenFAST predictions
(box and whisker at far right); the y-axis shows the maximum of vector sum of the blade edgewise and
apwise moment and the x-axis shows the name of the eld data set (including date and time it was
collected) or simulation data set (\FAST-DLC-5.1"). B1 and B2 are abbreviations for Blade One and

Blade Two.

Figure 1.4 This gure shows the overview of DLC 5.1 cases comparison in the eld (circles) and simulation
(box plots).

A more complete comparison between eld data and simulation is underway in [13].



1.3 SOAR Wind Turbine

The SOAR 25-MW is novel in aerodynamics design, rotor morphing, advanced control, and bio-inspired
structural design [15]. As the focus of the nal years of our project is on technology-to-market, the second
phase scaled down to a smaller 25 MW wind turbine after designing the SUMR 50 MW wind turbine.
Since the SOAR 25 MW size is comparable to existing wind turbines, it is more feasible than the SUMR 50
MW wind turbine. The SOAR wind turbine is shown and compared in size with conventional 5SMW and

SUMR-D turbines in Figure 1.5.

Figure 1.5 SOAR technology will enable the world's largest and most cost-e ective wind turbine to be
built. From this gure, we can see the huge scale of this turbine compared to the Statue of Liberty and the
Ei el Tower. Figure Copyright: Chris Qin. Used with permission.

The SOAR wind turbine team aims to reduce the LCOE by 40% compared to conventional turbines.
Such sizes and cost savings are impossible with a typical turbine design due to substantial technological
restrictions. The technology designed by the SOAR team tackles these challenges by the use of bioinspired,
structurally e cient design. This design has segmentation with an excellent control authority ([16], [4],

[17], [18]).
1.4 Controls Approach for Outboard Articulation and Control-Motivated Analysis

The role of the control team in this project has been designing the advanced controller, applying the

baseline controller for our new design, and achieving the desired power coe cienC,. At a given wind



speed,C;, is the ratio of actual electric power produced by a wind turbine divided by total wind power
streaming into the rotor blades. In addition, the designed rated power should be achieved at the rated
wind speed. Also, load and tip de ection analysis has been an important role of the control team. The
objective of providing these analyses was to assist the team to select the optimal design such as selecting

2-bladed vs. 3-bladed and identifying areas of concern and design driving cases.

1.5 Turbine Downselection

The SOAR Team rst designed the 2-bladed and 3-bladed concept versions of SOAR-25 MW utilizing
multi-disciplinary co-design. Our team used Techno-Economic Analysis (TEA) to narrow down the optimal
version. A downwind turbine was chosen based on prior evaluations completed during the SUMR project,
which determined that downwind turbines had the potential to reduce costs by providing exible rotor
blade load alignment with the wind.

The new analysis for the SOAR turbine was done with class I-B wind. Class I-B wind refers to wind
characteristic [10]. Table 1.2 shows the di erent wind turbine classes de ned by the IEC which sets

international standards for the wind speeds each wind turbine must withstand. Abbreviations in this table

are:
" Viet : \Reference wind speed"” [10, p. 24]

~ S: \Special IEC wind turbine class, use for special wind, external conditions, or particular safety

class." [10, p. 22].

" lret : \Expected value of hub-height turbulence intensity at 10 min average wind speed of 15 m/s."

[10, p. 24]
Table 1.2 Wind class [10].
Wind turbine class | I Il S
Viet  (M/S) 50 | 42.75| 37.5
A et () 0.16 values speci ed by the designer for special wind,
B lret () 0.14 external conditions, or particular safety class.
C lret () 0.12

The SOAR team compared our past designs to discover attributes and approaches that result in the
lowest energy cost and the best aero-structural-control performance.
To choose the best design and part of the down selection, the control team (CU Boulder and CSM) did

several analyses, such as the following:

Load analysis

10



{ Blade loads:
* My,: Blade edgewise bending moments
* My,: Blade apwise bending moments
{ Tower base loads:
* Mxtrue. - TOWer base roll (or side-to-side) moment (i.e., the moment caused by side-to-side

forces) [19]

* Myt - TOWer base pitching (or fore-aft) moment (i.e., the moment caused by fore-aft

forces) [19]

{ Yaw bearing:

Mxny.e - ROtating (with nacelle) tower-top / yaw bearing roll moment [19]
* Myn,..e - ROtating (with nacelle) tower-top / yaw bearing pitch moment [19]
Mzn,.e - TOwer-top / yaw bearing yaw moment [19]

~ Tip de ection analysis
~ Annual energy production (AEP) prediction

Table 1.3 shows the di erences between the four versions of the SOAR turbine. As can be seen from the

table V9, V11, V12 and V 13 are four turbine versions that have been evaluated. The AEP evaluation has
been done for the operational cases DLC1.2 and DLCL1.3.

Table 1.3 SOAR wind turbine designs

V9 V11 V12 V13
Rotor radius (m) 175.583| 185.583| 177.011| 177.023
Rated rotor speed (rpm) 4.568 4.322 4531 4,531
Number of blades 2 2 3 3

Figure 1.6 shows di erent turbines' maximum edgewise blade bending moments based on the DLCs and
turbines. Data for this plot was generated by both CSM and CU team members. From this gure, we can

observe which DLC is the design driving DLC and which turbine has the lowest and highest blade root

bending moments.
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Figure 1.6 Maximum magnitude of the blade edgeswise moment (RootMxb) organized based on the
turbines (V9, V11,V12, andV 13), all with structural design “s5'. DLC1.4 is the design driving DLC for
three of the four turbines.

DLC1.4 is the design driving DLC in Figure 1.6 for three of the four turbines. This nding assists in
the identi cation of the event that may trigger concerns related to turbine safety and therefore drive the
turbine design.

In summary, using multi-disciplinary co-design, initially 2-bladed and 3-bladed concept versions of
SOAR-25 were developed, and then our team selected down to the best version. Internal team discussions
informed the selection of a SOAR-25 with three bladesV 9 and V11 have 2 blades and/12 andV 13 have
three blades. After the evaluation of the results, we presented our ndings (analysis) to ARPA-E and have
begun publishing the results. These ndings by the SOAR team indicate insu cient data to support that a

two-bladed SOAR turbine has a signi cant advantage over a three-bladed turbine.
1.5.1 Baseline Controller and Analysis for V2 SOAR Designs

After completing the turbine downselection described in Section 1.5, the SOAR-25 MW was optimized

using high- delity OpenFAST improvements and advanced-manufacturing considerations. The SOAR-25

12



design objective is to minimize turbine-based LCOE with conditions mentioned in Table 1.4. The axial
induction factor in the table refers to the relative drop in wind velocity between the freestream and the
turbine rotor [20]. Based on blade element momentum theory, an axial induction factor near 1/3 will
optimize energy capture e ciency.

Table 1.4 SOAR-25 next generation (\V2") design conditions. Note that the team's nhomenclature has
changed, with \V2" now representing a later version of SOAR than the V9, V11, V12, and V13 mentioned
in Figure 1.6

Number of blades Axial Induction Factor IEC Wind Class Water depth
3 near 1/3 1B 30 meter

Figure 1.7 shows the iteration among SUMR and SOAR teams and the blue box shows the control

design role in the iterative process.

Figure 1.7 This gure shows design loops in our team. In these iteration design starts with aerodynamic
and load designs, after which LCOE, structures, and control design and evaluation are performed to
provide feedback for the next iteration.

1.5.2 Baseline Controller and Control Tuning

Several iterations across the teams were required to meet the design objectives. The purpose of this
section of the project was to select the best design from among the several SOAR-25 MW turbine designs.
The iterations for phase 2 (developing SOAR-25 MW) began with the aerodynamic and structure

teams, followed by the control team. Note that a wind turbine has three regions of operation. In Region 1,
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a turbine is stationary or is just starting up. Region 2 is a working state that aims to gather as much wind
energy as possible. The turbine must restrict the collected wind power in region 3, which includes high
wind speeds, so loads are not exceeded [21]. The control team was charged with designing baseline
controllers for each turbine to achieve the max power in region 2 by achieving the designe@, speci ed by
the aerodynamics team, and to achieve the designed rated power in region 3 by achieving the rated power
in this region.

The torque controller is ne-tuned to match the optimal power coe cient C,_ . of each rotor design
[9]. The amount of torque taken from the turbine is determined by generator torque control. The extracted
torque counters the wind's aerodynamic torque, which controls the turbine speed indirectly [21]. The torque

controller is tuned by adjusting the gain K in the control torque equation that is shown in Equation 1.1.
= K! 2 (1.1)

In Equation 1.1 ! is rotor speed (rpm), and K is the torque control gain.

The initial component load limits were received from the structure team. Besides the loads and tip
de ection, AEP, power curve, C, and Tip Speed Ratio (TSR) curve were provided to the team. All loads
and tip de ection analysis was run with di erent DLCs such as DLC1.2, 1.3 and 1.4. Our studies and
analysis showed that DLC1.4 is a design driving case, as it was in the earlier turbine downselection process.

Table 1.5 shows all di erent V2 designs. There have been 5 di erentv 2 designs with di erent

aerodynamic and structural designs that are shown in Table 1.5.

Table 1.5 This table showsV 2 turbine designs. The control team (CSM and CU Boulder) tuned the
baseline controller.

V2 Designs
Speci cation V2a V2b V2c vad V2e
Blade length (m) 178.75 | 178.75 | 178.75 | 176 171.75
Rotor speed (rpm) 4.87 4.871 4.87 5.87 5.25
Coning angle (degrees) 6 18 18 7 7.5
DesignedC, 0.48 0.45 0.50 0.5 0.4543

This chapter introduced the unique SUMR wind turbine design. The design included a baseline
controller and a loads analysis to nd areas for improvement. This work speci es design factors like load
and tip de ection for the SUMR turbine's exible, two-bladed downwind turbine. This one-of-a-kind wind
turbine presented new hurdles for testing the accuracy of current software designed for conventional wind
turbines. Before designing a novel advanced controller, the baseline controller must be designed and tested.
The following chapters focus on the advanced controller for shutdown and operation at high wind speeds

for the turbines described here.
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1.6 Outline of this Thesis

The remainder of this thesis is organized as follows:

~ Shutdown in Wind Turbines (Chapter 2):
Wind turbines shut down for various causes, including system faults, low and high wind speeds, and
other issues. In general, it is important only to shut down the turbine when essential for various
reasons. In this chapter the shutdown analysis for SUMR 50 based on the relevant IEC standard is
provided. Furthermore, an emergency shutdown event for SUMR-D with one blade pitch failure is

presented.

~ Soft Shutdown Controller (Chapter 3):
To maintain safe operation and prevent ultimate loads from exceeding design limits, a shutdown
controller must be designed for each wind turbine. The existing shutdown method for the turbine on
which the SUMR-D rotor has been installed pitches the blades to their full feathered position (90
deg) at a constant, maximum allowable rate of up to 19 deg/s if an overspeed has occurred. In this
chapter, a rotor speed predictor is presented in that can be used to trigger a \soft" shutdown, which
initiates shutdown sooner and therefore shuts down the turbine at a lower pitch rate to reduce the
ultimate loads experienced by the blades during the shutdown procedure. The rotor speed predictor
predicts the rotor speed of each of the turbine a pre-determined number of time steps into the future
and triggers the soft shutdown controller if rotor speed is predicted to exceed the allowable rotor

speed limit. This chapter is based on [22].

" Model Predictive Control (Chapter 4):
It is important to shut down the turbine only when necessary in order to prevent reductions in AEP
and to reduce the risk of ultimate loads being exceeded. The proposed model predictive control
(MPC) is designed to reduce the number of shutdowns by nding the optimal blade pitch control
signal considering allowable rotor speed as a constraint. The MPC optimization is constrained to
ensure that rotor speed and blade pitch does not surpass the maximum allowed value. The proposed
MPC nds the best future blade pitch angle trajectory by solving the optimization problem over a p

length prediction horizon.

Proportional Integral Model Predictive Controller (PI-MPC) (Chapter 5):
The new PI-MPC approach combines the classic method proportional-integral (Pl) method with

MPC. This approach uses blade pitch from the PI controller most of the time, except when the blade
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pitch from the PI controller exceeds the predetermined maximum blade pitch angle. This method

extended the cut-out wind speed, increasing the AEP. As a result, LCOE is decreased.

" Summary and Future Work (Chapter 6):

This chapter gives the summary of all chapters and discusses potential avenues for future work.
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CHAPTER 2
SHUTDOWN IN WIND TURBINES

2.1 Introduction

As mentioned in Chapter 1, wind turbine operates in three di erent regions. In region 1, the wind
speed is too low for a wind turbine to operate before cut-in speed. In this region, the wind turbine would
be in an idle state. Above cut-in, the wind turbine starts producing power, and it uses a generator torque
controller. Then, above the rated wind speed, the wind turbines enters Region 3, which has the highest
wind speed. In region 3, wind turbines use a blade pitch controller to regulate the wind speed. Figure 2.1

shows a generic wind turbine's di erent regions and the corresponding wind speeds.

Figure 2.1 Operation regions of the variable speed wind turbine.
If the wind speed continues to increase abov#/,,; the wind turbine will shut down. More information
about wind turbine shutdown is explained in the next section.
2.2 Shutdown

Wind turbines shut down for various reasons, including faults in the system, low and excessive wind
speeds, overload, and other hazards. The wind turbine operator can schedule or initiate a shutdown for

several reasons, such as maintenance or fault. In addition, based on [23], other factors like the oversupply
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of electricity may cause a turbine shutdown. However, wind turbines are far easier and less expensive to
turn o than coal- red power plants. A shutdown at high wind speed is the primary topic of this thesis.

In general, it is crucial to only shut down the turbine when necessary for various reasons. When wind
turbines stop producing electricity, it in uences AEP, ultimately reducing AEP compared to a turbine that
could continue to operate. Wind energy may be more costly if the AEP is low. In addition, the shutdown
method can be hazardous, and there's a possibility of exceeding the maximum load limit during the
shutdown procedure.

Wind turbine shutdowns are unpredictable. Therefore, one of the bene ts of avoiding a shutdown is
that it helps preserve grid stability by maintaining steady power output. Furthermore, preventing or
postponing the shutdown will cause the wind energy output to be more consistent, which is critical in
today's competitive energy market.

The focus of much of this thesis is the high wind speed shutdown. The designers of wind turbines
decide at which wind speed to shut down the wind turbine to protect the wind turbines from damage
caused by high wind speed above the cut-out. Based on [24] to minimize excessive mechanical stress, the
wind turbine protection system is designed to shut down the turbine at high wind speeds.

As a result, we investigate methods to prevent a shutdown at high wind speed while not damaging the
wind turbine to prevent the abrupt shutdown and increase the AEP. These methods are explained in

Chapters 3, 4 and 5.

2.3 Normal and Emergency Shutdown

Normal shutdown and emergency shutdown are the two primary forms of shutdown; emergency
shutdown always takes precedence; it employs the fastest blade pitch, and a mechanical brake may be
applied to slow the rotor. Figure 2.2 shows reasons that can trigger normal or emergency shutdown. An
emergency shutdown has the fastest pitch rate, and a mechanical brake may apply too, while a normal

shutdown has a slower pitch rate than an emergency shutdown.
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Figure 2.2 This gure illustrates di erent reasons that may trigger a normal or emergency shutdown. In

this thesis, normal shutdowns are triggered by over speed, over maximum blade pitch, and overload.
Monitoring the loads caused by the shutdown method is critical. This is due to the shutdown producing

substantial system dynamics and resonance e ects [25]. Furthermore, according to the IEC standard [26],

assessing the loads on the wind turbine under multiple situations, such as shutdown, is critical.
2.4 SUMR-50 Shutdown

All turbines must have a shutdown analysis to ensure that the loads and tip de ection induced by
shutdown comply with the IEC standard [27] and that the turbine can be shut down quickly and safely

when essential.

2.4.1 Case Study: Check the Ultimate Blade Root Bending Moments for Two Shutdown
Cases (1 and 2-Bladed)

The goal of this section is to check the ultimate blade apwise and edgewise bending moments during

two shutdown cases:
~ Two bladed shutdown (normal shutdown)

One bladed shutdown, which can happens if one blade stuck and fails to pitch (fault case)

This case study test was done using the NTM wind with a mean of 22 m/s. The shutdown was
scheduled just by pitching one blade to 90 degrees to simulate the one bladed shutdown. It should be noted

that for both cases the mechanical brake was not applied.

19



Figure 2.3 shows the blade apwise and edgewise bending moment comparison between one blade and

two blades shutdown.

Figure 2.3 Blade bending moment during aerodynamic shutdown (ho mechanical brake) for one blade and
two shutdown

As shown in Figure 2.3, there is a higher peak load induced by the shutdown in the one bladed shutdown
compared to the two blade shutdown, but peak loads do not exceed the limits. It should be noted common

practice to ignore the rst 100 seconds of FAST simulations due to known issues with startup transients.
2.4.2 Emergency Shutdown for SUMR-50 MW

As shown in Figure 2.2, one type of shutdown is an emergency shutdown. The emergency shutdown has
the highest pitch rate, and a mechanical brake may also be applied too. For ultra-scale wind turbines such
as SUMR-50 MW, emergency shutdown can be challenging and must be tested according to IEC standards
to ensure that the shutdown controller can shut down the wind turbines safely. The goal of the testing
DLC 4.1, 4.2 and 5.1 is to ensure that SUMR-50 design follows the IEC 61400-3 [26] safety requirement

during and after shutdown procedures. The following DLCs should be considered:

Normal shutdown (DLC 4.1 - 4.2): This DLC's design scenario is all events that create loads on a
wind turbine as it transitions from operating to standstill or idle in a controlled manner, including

the number of occurrences [28].

~ Shutdown in an emergency (DLC 5.1): Loads resulting from an emergency shutdown must be taken

into account for this DLC. [28].
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Normal shutdown and emergency shutdown tests for SUMR-50 were conducted to be assured it
following the safety requirement based on the IEC standards. Initial thresholds for loads and tip de ection
were provided by the structure team to the control team. The control team conducted loads and tip
de ection and provided feedback to the structure team (results omitted). Load analysis and completion
design by the team in some cases resulted in adjusting the threshold. According to the IEC standard, the

current SUMR-50 wind turbine is safe during emergency shutdown based on the nalized threshold.
2.5 SUMR-D Shutdown: Field Test

Field testing of SUMR-D is explained in Chapter 1. In this section, a case study showing an emergency
shutdown in the eld is presented.
Case Study: Emergency Shutdown Event with One Blade Pitch Failure:
In a review of 366 operational cases from the SUMR-D eld tests, just one case exceeded a blade's design
load limit. That case was an emergency shutdown event with one blade pitch failure (blade stuck at
\run"). Figure 2.4 shows the wind, blade pitch, and vector sum of the blade bending moment for this
single stuck blade pitch incident. The vector sum of blade edgewise and apwise bending momentyyy )

on Blade 1 is higher than Blade 2 during the shutdown procedure.

Figure 2.4 This gure shows rare event of a stuck blade failure. As can be seen from the the plot the load
on Blade 1 (the stuck one) is more than on Blade 2.
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After blade construction, NREL had performed a static pull test in which the blade survived a higher
load than our designed limit, which is consistent with the turbine having survived the loads shown in
Figure 2.4.

The next chapter explains a new soft method of shutdown in addition to normal and emergency

shutdowns.
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CHAPTER 3
SOFT SHUTDOWN CONTROLLER

In this chapter, the soft shutdown controller design is described and then applied to the SUMR-D. This
chapter is based on work published in [22].

In many wind turbine research papers related to shutdown control, the main goal is to prevent or
minimize the number of shutdowns. The focus of this chapter is a proof-of-concept of a method of
shutdown based on overspeed prediction. Overspeed events, especially during a wind gust, are crucial to
consider for turbine safety since a wind gust magni es a sharp peak in generator torque that can happen in
an over rated speed event [29]. In addition, overspeed can cause excessively high loads on the electrical
generator [30].

By allowing shutdowns to be initiated based on a prediction, a soft shutdown controller can be helpful
at reducing peak blade root bending moments in overspeed events by giving a second or two of extra time
to implement the shutdown and allowing it to be performed at a lower pitch rate. Methods such as [31]
prevent overspeed by fast collective blade pitching, which may not always be desirable. Other methods,
such as fading out the reference torque during shutdown to obtain smooth shutdown [29], have been
considered in the literature. The method we describe in this section only considers blade pitch control.

There are several methods that can keep wind turbines safe in a shutdown-related event, such as
identifying the extreme event using estimation of wind parameters using an extended Kalman lIter in [31].
In addition, another method that aims to reduce shutdown-driven loading based on multi-variate
model-based safety is presented in [32]. This chapter presents the design and analysis of a rotor speed
predictor to implement a soft shutdown for SUMR-D, with the goal of reducing blade apwise and
edgewise bending moments compared to the existing (baseline) normal shutdown procedure; the predictor
design and implementation will be further described in Section 3.1

The method is novel because most shutdown methods try to prevent the shutdowns, while this chapter
proposes a gradual shutdown method assuming it is not possible to prevent the shutdown. Compared to
the normal shutdown, this gradual approach causes less stress on a wind turbine's components without

requiring additional sensors.
3.1 Soft Shutdown Control Design Methodology

The main idea behind the predictor-based soft-shutdown is as follows: the rotor speed predictor
predicts the speed of the turbine's rotor a pre-determined number of time steps into the future and, if rotor

speed is predicted to exceed the allowable ultimate speed limit, triggers the soft shutdown controller. Since

23



the rotor overspeed is predicted in advance of an actual overspeed, more time is available to apply a \soft,
gradual shutdown instead of using the SUMR-D test bed's normal shutdown or emergency shutdown,
which both occur with faster pitch rates. Therefore, it is expected that this method will reduce the
ultimate blade bending moments during the shutdown procedure.

In this section, we explain how we rst used system identi cation to obtain the model that will be used
by the rotor speed predictor, then how we implemented the predictor, including use of a Kalman lIter to
re-initialize the predictor model's states for each prediction. Figure 3.1 shows the overall system
architecture, including di erent shutdown methods for the SUMR-D wind turbine with hierarchy. For
simplicity and due to the focus of this chapter, only the rotor speed signals are shown in this gure, though

the SUMR-D emergency and normal shutdown controllers also check a variety of other signals.

Figure 3.1 lllustration of the augmented shutdown controller designed for the SUMR-D wind turbine. The
pitch rate selector determines which pitch rate command to send to the pitch actuators from among the
normal operation controller and the three supervisory shutdown controllers

3.2 System ldenti cation for Predictor Model

The rst step required to predict the rotor speed is to obtain a su ciently accurate model of the
relevant turbine dynamics that can be run in real time on the control computer. It is possible to get
linearized models from FAST [19] for wind turbines, but due to the additional complexity of the SUMR-D
wind turbine with its extremely exible design, it was not yet clear at the time of this research whether the
FAST linearized model would be su ciently accurate for controllers implemented on the eld turbine.
Therefore, we have chosen a system identi cation approach to obtain the linearized model with the single
input and two outputs shown in Figure 3.2. The current system identi cation is from FAST simulation

\data," but future models could be obtained from SUMR-D turbine eld data. The rotor speed has been

24



modeled employing Matlab's® system identi cation toolbox [33], which uses a gray box method. For this
work, the Prediction Error Method (PEM) with regularization has been used to construct the rotor speed
predictor model. Based on the suggestion of [34], the regularization option has been used in order to

suppress possible numerical problems and over tting.

Figure 3.2 Single-input, multi-output system identi cation model con guration with input wind speed and
outputs rotor speed and blade pitch angle

In order to obtain a su ciently accurate system identi cation model, the identi cation data must be
rich enough (su cient excitation); in other words, it should include su ciently varied input frequencies to
excite system dynamics over the desired operating point range. To this end a pseudorandom binary
sequence (PRBS) signal is used as the system identi cation input and the system's response to this signal
as calculated by FAST is collected as the system identi cation output. To obtain a rotor speed model,
wind as an input and rotor speed and blade pitch angle as outputs data have been collected in closed loop.
In other words, the SUMR-D baseline operational controller was running while data was being collected in
FAST.

One of the bene ts of collecting data in the closed loop is that the controller can help to maintain
operation near the linearization operating point, resulting in improved linearization of the nonlinear model
[35] near this operating point. Since this system identi cation model is being generated for use in the
shutdown controller, the wind speed operating point was chosen as 11 m/s, which is the cutout wind speed
for the gravo-aeroelastically scaled SUMR-D wind turbine. Therefore, the primary model is obtained using
a PRBS wind input le that ranges from 10.5 to 11.5 m/s. This relatively small range of wind speed helped
to obtain a lower order model with better t in the system identi cation process.

Figure 3.3 illustrates the input and output data from FAST that have been used to train the model; a

separate set of data have been used for validation after the training was completed.
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