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Project Overview

T25: Cost of Energy Reduction for Offshore Tension-Leg Platform (TLP) Wind
Turbine Systems through Advanced Control Strategies for Energy Improvement

Technology Summary: Integration of advanced sensing, actuation, and control algorithms and techniques into
floating offshore wind turbine systems to reduce overall structural loads and material requirements, and
increase energy capture. Evaluated technologies included: LiDAR-assisted controls, advanced yaw
controls, atmospheric characterization, specific control algorithms, structural dampers, and wave-
forecasting-based controls.

Period of Performance: September 30, 2011 - April 30, 2018

Technology Impact: Lower Levelized Cost of Energy (LCOE) of floating turbine system by 5% compared to
baseline levels

Project Goals:
e Overcome key technical barriers to the deployment of deep water floating offshore wind turbines;
e Improve energy generated by wind turbines through advanced control strategies (e.g. Light
Detection and Ranging (LiDAR)-based preview controls, advanced supervisory controls, etc.);

e Lower the capital costs for both wind turbines and floating foundations through advanced control
strategies.

Partners:

o (Glosten Associates
Massachusetts Institute of Technology (MIT)
National Renewable Energy Laboratory (NREL)
Texas Tech University (TTU)
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e University of Massachusetts - Amherst (U. Mass)
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Technical Merit and Relevance

LCOE for Potential Offshore Wind Project in United States Prioritization of Technical Barriers for Floating Wind
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Commercial Operation Date

* Asignificant portion of potential offshore sites have depths of more than 60m
* Floating LCOE likely to reach parity with fixed-bottom market by 2030  (NREL, 2016)

* Key technical challenges: a) platform weight and associated cost, b) turbine controls
to ensure stability, ¢c) adequacy of modeling tools, and d) testing

* Industry is banking on technology innovation + volume to drive 50% LCOE reduction
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Approach and Methodology
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Approach and Methodology

1. Innovative technologies were evaluated: LiDAR-assisted feedforward
controls, advanced yaw controls, model-based control algorithms,
structural dampers, and wave forecasting-based control

2. Baseline systems were considered for simulations and analysis: GE’s
6-Megawatt (MW) Haliade on a) the PelaStarTM Tension Leg Platform
(TLP) and b) a semi-submersible floating platform using current state-
of-practice controls.

3. Advanced controls for both configurations were developed, simulated,
and assessed using industry-standard modeling platforms such as
Fatigue, Aerodynamics, Structures, and Turbulence (FAST) [2] and
BLADED [3].

4. FAST simulation models were verified against higher-fidelity
simulation models including OrcaFlex [4] and ANSYS [5].

5. A subset of promising technologies was field tested on full-scale land-
based wind turbines.
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Approach and Methodology

Summary of Technology Evaluation

LiDAR-assisted controls FAST modeling: 3-MW onshore and 3-MW land-based GE turbine
6-MW offshore GE turbines

Advanced yaw controls FAST modeling: 3-MW: land-based 3-MW land-basedGE turbine
and 6-MW offshore GE turbines 1.6-MW land-based GE turbine

Offshore atmospheric FAST modeling: 5-MW National Wind energy areas of Virginia,
characterization Renewable Energy Laboratory Great Lakes, and the North Sea
(NREL) reference turbine [Ref] (Europe)
Controls algorithms for a) FAST models of 6-MW NA
floating turbines offshore GE turbine on
PelaStarTM TLP

b) Bladed models of 6-MW
offshore GE turbine on a
semi-submersible.

Structural dampers FAST modeling: 3-MW land-based  3-MW land-based GE turbine
and 6-MW offshore GE turbines

VRl iaene s s FAST modeling: 6-MW offshore GE Wave-tank data

controls turbines on PelaStarTM TLP

The impact of candidate technologies on Key Performance Indicators (KPls), including fatigue and
extreme loads, Annual Energy Production (AEP), rotor speed regulation, and actuator usage, was
evaluated. Wind and wave conditions representative of the Gulf of Maine and the North Sea
were considered to assess these KPlIs.
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Accomplishments and Progress

| Feed Forward Controls and LIDAR

» Significant generator speed
and tower base load

improvements

* Positive loads/AEP trade-off
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lll Floating Controls
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Rotor collective pitch
control very effective at
reducing
tower/platform fore-aft
bending loads

Independent blade
pitch effective in
stabilizing the tower
side-side mode and
reducing side-side
bending loads.
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IV Dampers and Control Algorithms

* Field tested at NREL

* Qut-rigger dampers
effective at extreme loads
reduction

» Efficient Finite Element
models showed reasonable
correlation to field
measurements




Accomplishments and Progress

Topic Technology Loads/RMS Reduction Estimated
AEP

KPI % Increase

Reduction

Feedforward controls LiDAR + control " Rotor speed (RMS) 35% 2%
algorithms " Tower base (Fatigue) 7%

Yaw correction Spinner anemometer + NA ~0% 0.75%
control algorithms

Control of TLP System U EICREv (] " Tower base fatigue 71% ~0%
algorithms " Tendon tension 25%
fatigue
Control of Control algorithms " Tower base fatigue 4% 5%

Semisubmersible
System

AEP Enhancements and Structural Load Reduction = 4-5% LCOE
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Accomplishments and Progress

Technical Readiness Evolution
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All milestones were completed on time with the exception of the damper test,
which was completed 1 quarter later and required a no-cost time extension
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Communication, Coordination, and Commercialization

Publications Author

Development, Field Testing, and AWEA Eh Poster 5/20/2015

Evaluation of LIDAR —Assisted Controls  Onshore 2015 rmant

Turbine-mounted LIDAR Validation iR ?01 < Ehrmann Presentation 6/9/2015
Symposium

Floating Offshore WTC Integrated Load AWEA

Analysis & Optimization Employing a Rodriguez Poster 9/30/2015

Offshore 2015

Tuned Mass Damper

Smart Novel Semi-Active Tuned Mass OTC 2016

Damper for Fixed-Bottom and Floating Rodriguez Paper 5/2/2016
Conference

Offshore Wind

An Investigation of Passive and Semi-
Active TMD for a TLP Floating Offshore OMAE2016 Park Paper 7/19/2016
Wind Turbine in ULS Conditions

Atmospheric Characterizations of the US AWEA

Offshore Sites and Impact to Turbine Offshore 2016 Arora Poster 10/25/2016

Performance
Advanced Controls Next Generation AWEA
Offshore Wind Turbines Developments Windpower Arora Poster >/22/2017
An Investigation of Passive and Semi-
Active structural Control of a fixed bottom Wind Energy Full Technical

2 201
and a Floating Offshore Wind Turbine Journal Park Paper O 2

(manuscript number WE-17-0107)

Load Mitigation on Loading Offshore A Full Technical

Wind Turbines with Advanced Controls IOWTC rore ult echnical 19 /4/2018
Cross-Whiter Paper

and Tuned Mass Dampers

Shared Advancements at Numerous Industry Engagements
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DOE Proposed 5 18 IP

		Invention		GE/ALUS Invention Disclosure Form (IDF)  Completed		Disclosure to DOE Patent Counsel		Prosecution of  Patent Application		Decision to Retain Title		Patent Award		Comments				Comments		I Edison		Disclosure  Copy Needed.		show as a "Withdrawn" on next report to Julia Cook Moody and no IDF will be submitted to Iedison  (unless already done)

				(Y/N)		(Report Date)		(Y/N)		(Countries)		(Y/N/TBD		 				 

		Integrated Yaw and Pitch Control to Optimize Wind Turbine Performance		Y		3/31/14		Y		US, EU		TBD		Communicated in the July 30, 2015 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 16, 2015 Quarterly Report to DOE Sponsor		copies needed		copies needed

		Operation of a Floating Offshore Wind Turbine with a LIDAR		Y		3/31/14		Y		US, EU		TBD		Communicated in the July 30, 2015 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 16, 2015 Quarterly Report to DOE Sponsor		copies needed		copies needed

		An Approach to Control Floating Offshore Wind Turbine		Y		3/31/14		Y		US, EU		TBD		Communicated in the July 30, 2015 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 16, 2015 Quarterly Report to DOE Sponsor		copies needed		copies needed

		Smart Semi-Active Damper		Y		7/30/15		N, declined		N/A		N/A		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 16, 2015 Quarterly Report to DOE Sponsor		N/A 		N/A 		Withdrawn from Patent Consideration, not submitted to IEdison

		Pitch-Based Yaw		Y		7/30/15		Y		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 16, 2015 Quarterly Report to DOE Sponsor		copies needed		copies needed		 

		Wind Forecasting for Feedforward Pitch Control		Y		7/29/16		in work		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jun 29, 2016 Quarterly Report to DOE Sponsor		IEdison		NO

		Yaw Turbine-Side to Side Damping		Y		7/29/16		in work		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jun 29, 2016 Quarterly Report to DOE Sponsor		copies needed		copies needed

		Invention		ALUS Invention Disclosure Form (IDF)  Completed		Disclosure to DOE Patent Counsel		Prosecution of  Patent Application		Decision to Retain Title		Patent Award

				(Y/N)		(Report Date)		(Y/N)		(Countries)		(Y/N/TBD

		UAV Based Wind Measurement for Wind Turbine Control		documented in lab notebook but not pursued		7/29/16		N, declined		N/A		N/A		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jan 28,2016 Quarterly Report to DOE Sponsor		N/A 		N/A 		Withdrawn from Patent Consideration, not submitted to IEdison

		Wind-speed Based Yaw Control/Adaptive Yaw Control		Y		7/29/16		in work		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jun 29, 2016 Quarterly Report to DOE Sponsor		IEdison		NO		N/A 

		Dynamic Yaw Controls of Floating Turbines semisubmersible (aka Aerodynamic Yaw Control)		Y		7/29/16		in work		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jun 29, 2016 Quarterly Report to DOE Sponsor		copies needed		copies needed

		Semi-active Damping Self Energy Harvester		Y		7/29/16		N, declined		US, EU		TBD		Communicated in the July 30, 2016 twelve month interim report to DOE IP Chief Counsel				Communicated in the Jun 29, 2016 Quarterly Report to DOE Sponsor		IEdison		NO		N/A 

		Outrigger Damper		Y		7/30/17		Filed		Fully Approved		TBD		Communicated in the July 28, 2017 twelve month interim report to DOE IP Chief Counsel				Communicated in the Oct 30,2017 Quarterly Report to DOE Sponsor		IEdison		NO		N/A 

		Floating Wind Turbine Sensing System		Y		Date Needed		in work		US, EU, Taiwan, Japan		TBD		To be Communicated in the July 30, 2018 twelve month interim report to DOE IP Chief Counsel				to be communicated in Last Report submission.		filed May 7 in  IEdison by David Wahl		NO		A sensing system to observe the operation-critical states of a floating wind turbine is proposed. The proposed sensing systems consists of nacelle sensors (accelerometer or direct position measurements) combined with a set of distance sensors that measure the distance from a fixed point on the platform to the sea surface. The combination of nacelle-mounted sensors; the platform-to-sea surface measurement sensors; and a model-based state estimator allows the (virtual) sensing of platform states (e.g., pitch, surge, heave) as well as local wave states in real-time. The sensed quantities can be used for the control of the individual floating wind turbine system as well as for the management of the offshore wind farm.

																		 





Publications

		Publications		Event		Author		Type		Date		Need a Copy of Document		E LINK

		Development, Field Testing, and Evaluation of LIDAR –Assisted Controls		AWEA Onshore 2015 		Ehrmann		Poster		5/20/15		NO		 

		Turbine-mounted LIDAR Validation		NAWEA 2015 Symposium		Ehrmann		Presentation		6/9/15		NO		 

		Floating Offshore WTC Integrated Load Analysis & Optimization Employing a Tuned Mass Damper 		AWEA Offshore 2015		Rodriguez		Poster		9/30/15		NO		 

		Smart Novel Semi-Active Tuned Mass Damper for Fixed-Bottom and Floating Offshore Wind		OTC 2016 Conference		Rodriguez		Paper		5/2/16		NO		5 2 2016

		An Investigation of Passive and Semi-Active TMD for a TLP Floating Offshore Wind Turbine in ULS Conditions		OMAE2016		Park		Paper		7/19/16		I have DRAFT		 

		Atmospheric Characterizations of the US Offshore Sites and Impact to Turbine Performance		AWEA Offshore 2016		Arora		Poster		10/25/16		I have Version 01		 

		Advanced Controls Next Generation Offshore Wind Turbines Developments		AWEA Windpower		Arora		Poster		5/22/17		NEED COPY		 

		An Investigation of Passive and Semi-Active structural Control of a fixed bottom and a Floating Offshore Wind Turbine (manuscript number WE-17-0107) 		Wind Energy Journal		Park		Full Technical Paper		2nd Qtr 2017		?? I have a copy of Semyungs ECO110 Outrigger paper Rev 13 Only. This is different.		 

		Load Mitigation on Loading Offshore Wind Turbines with Advanced Controls and Tuned Mass Dampers		IOWTC		Arora          Cross-Whiter		Full Technical Paper		To be presented 11/4/2018		IN WORK, COPY available?		 





Publications (2)

		Publications		Event		Author		Type		Date

		Development, Field Testing, and Evaluation of LIDAR –Assisted Controls		AWEA Onshore 2015 		Ehrmann		Poster		5/20/15

		Turbine-mounted LIDAR Validation		NAWEA 2015 Symposium		Ehrmann		Presentation		6/9/15

		Floating Offshore WTC Integrated Load Analysis & Optimization Employing a Tuned Mass Damper 		AWEA Offshore 2015		Rodriguez		Poster		9/30/15

		Smart Novel Semi-Active Tuned Mass Damper for Fixed-Bottom and Floating Offshore Wind		OTC 2016 Conference		Rodriguez		Paper		5/2/16

		An Investigation of Passive and Semi-Active TMD for a TLP Floating Offshore Wind Turbine in ULS Conditions		OMAE2016		Park		Paper		7/19/16

		Atmospheric Characterizations of the US Offshore Sites and Impact to Turbine Performance		AWEA Offshore 2016		Arora		Poster		10/25/16

		Advanced Controls Next Generation Offshore Wind Turbines Developments		AWEA Windpower		Arora		Poster		5/22/17

		An Investigation of Passive and Semi-Active structural Control of a fixed bottom and a Floating Offshore Wind Turbine (manuscript number WE-17-0107) 		Wind Energy Journal		Park		Full Technical Paper		2nd Qtr 2017

		Load Mitigation on Loading Offshore Wind Turbines with Advanced Controls and Tuned Mass Dampers		IOWTC		Arora          Cross-Whiter		Full Technical Paper		11/4/18





Spend Summary 424A Q1 2018 (2)

																																				Alstom Renewable US LLC																Future Hide

																																				DE-EE0005494

						Spending Summary for SF 424A Budget Forms

						Object Class Categories		Approved Budget		Approved Budget		Total Approved Budget		Total Spent BP1		Spent as of 6/30/14		Spent as of 9/30/14		Spent as of 12/31/2014		Spent as of 3/31/2015		Spent as of 6/30/2015		Spent as of 9/30/2015		Spent as of 12/31/2015		Total Spent BP2		Grand Budget Spent		Remaining Budget		Novation 		No Cost Extension		Spent as of      3/31/2016		Spent as of      6/30/2016		Spent as of 9/30/2016		Spent as of 9/30/2017		Spent as of 12/31/2017		This Invoice		Cumulative TOTAL SPENT		Cumulative TOTAL SPENT

		CID		Reporting Period		Per SF 424A		BP1 		BP2		BP1 + BP2		BP1		BP2		BP2		BP2		BP2		BP2		BP2		BP2				BP1 + BP2   9/30/2011 - 12/31/2015		Alstom Power LLC  Jan 1/2016		Alstom Renewables US LLC    Jan 1/2016		Approved June 29, 2017		BP2		BP2		BP2		BP2		BP2		1/01/2018 - 3/31/2018		BP2 (01/01/16 - Date)		BP1 + BP2

		0005494		ERROR:#REF!		 a. Personnel 		$225,063		$716,170		$941,233		$225,063		$22,968		$24,373		$41,834		$38,199		$51,656		$50,628		$61,132		$290,790		$515,853		$425,380		$425,377		$221,517		$   58,002		$   39,520		$   23,523		$54,567		$3,746		$0		$179,358		$695,211

		0005494		ERROR:#REF!		 b. Fringe Benefits 		$52,950		$219,578		$272,528		$52,950		$7,233		$7,675		$13,174		$12,029		$16,267		$15,943		$37,847		$110,168		$163,118		$109,410		$263,352		$137,141		$   35,909		$   24,467		$   14,563		$33,782		$2,319		$0		$111,040		$274,158

		0005494		ERROR:#REF!		 c. Travel 		$7,028		$58,481		$65,509		$7,028		$3,044		$0		$0		$0		$0		$0		$2,352		$5,396		$12,424		$53,085		$53,088		$26,044		$   8,158		$   1,404		$   3,050		$6,101		$0		$0		$18,713		$31,137

		0005494		ERROR:#REF!		 d. Equipment 		$0		$215,000		$215,000		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$215,000		$0		$0		$   485		$   - 0		$   - 0		$0		$0		$0		$485		$485

		0005494		ERROR:#REF!		 e. Supplies 		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$   - 0		$   - 0		$   - 0		$0		$0		$0		$0		$0

		0005494		ERROR:#REF!		 f. Contractual 
(excluding FFRDC contracts)		$440,685		$2,208,803		$2,649,488		$440,685		$770		$3,187		$78,250		$276,466		$136,823		$201,855		$63,115		$760,467		$1,201,152		$1,448,336		$1,542,443		$1,950,707		$   151,197		$   158,440		$   77,910		$508,534		$208,364		$   763,118		$1,867,564		$3,068,716

		0005494		ERROR:#REF!		FFRDC contracts		$146,564		$644,648		$791,212		$146,564		$770		$38,747		$63,089		$87,130		$62,682		$92,351		$86,826		$431,595		$578,159		$213,053		$213,053		$213,053		$   92,025		$   91,149		$   23,450		$0		$0		$   - 0		$206,624		$784,783

		0005494		ERROR:#REF!		 g. Construction		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$   - 0		$   - 0		$   - 0		$0		$0		$0		$0		$0

		0005494		ERROR:#REF!		 h. Other		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$0		$   - 0		$   - 0		$   - 0		$0		$0		$0		$0		$0

		0005494		ERROR:#REF!		 i. Total Direct Charges 
(sum of a to h, excluding FFRDC contracts)		$725,725		$3,418,032		$4,143,757		$725,725		$34,015		$35,235		$133,258		$326,694		$204,746		$268,426		$164,446		$1,166,821		$1,892,546		$2,251,211		$2,284,261		$2,335,409		$253,751		$223,831		$119,048		$602,984		$214,430		$763,118		$2,177,160		$4,069,706

		0005494		ERROR:#REF!		 j.  Indirect Charges		$47,946		$225,522		$273,468		$47,946		$7,042		$7,473		$12,826		$11,712		$15,838		$15,522		$15,338		$85,751		$133,697		$139,771		$106,727		$55,579		$   14,553		$   9,915		$   5,902		$13,691		$940		$0		$45,001		$178,698

						adjustments						-$6																				-$6																						-$6

		0005494		ERROR:#REF!		 Totals 		$773,672		$3,643,554		$4,417,220		$773,672		$41,057		$42,708		$146,084		$338,406		$220,584		$283,948		$179,785		$1,252,572		$2,026,244		$2,390,976		$2,390,988		$2,390,988		$268,304		$233,746		$124,950		$616,674		$215,370		$763,118		$2,222,161		$4,248,398

		0005494		ERROR:#REF!								 																		 		 		 						 		 		 		 		 		 				 

		0005494		ERROR:#REF!		DOE Share (paid to Alstom)
Note: BP2 only		$553,431		$2,785,914		$3,339,345		$553,431		$32,692		$26,417		$104,250		$253,299		$163,931		$208,688		$126,462		$915,739		$1,469,164		$1,870,181		$1,870,181		$1,870,181		$196,238		$168,767		$95,270		$493,340		$172,296		$610,494		$1,736,404		$3,205,568

						DOE Share (FFRDC)
Note: BP2 only		$146,564		$644,648		$791,212		$146,564		$770		$38,747		$63,089		$87,130		$62,682		$92,351		$86,826		$431,595		$578,159		$213,053		$213,053		$213,053		$92,025		$91,149		$23,450		$0		$0		$0		$206,624		$784,783

		0005494		ERROR:#REF!		Cost Share
Note: BP2 only		$220,241		$857,640		$1,077,881		$220,241		$8,365		$16,291		$41,835		$85,107		$56,653		$75,260		$53,322		$336,833		$557,074		$520,807		$520,807		$520,807		$72,066		$64,979		$29,680		$123,335		$43,074		$152,624		$485,757		$1,042,831

						Calculated Cost Share Percentage		23.9%		20.0%		20.7%		23.9%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20.0%		20%		20%		20.0%		20.0%		20.7%		 
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