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Cooperative Research and Development Final Report 

Report Date: April 1, 2025 

In accordance with requirements set forth in the terms of the CRADA agreement, this document 

is the CRADA final report, including a list of subject inventions, to be forwarded to the DOE 

Office of Scientific and Technical Information as part of the commitment to the public to 

demonstrate results of federally funded research. 

Parties to the Agreement: Virginia Polytechnic Institute and State University (VT or 

Participant) 

CRADA Number: CRD-20-17302 

• Project 1: Original Agreement

• Project 2: Mod 1, No Cost Time Extension Mods (2 – 5)

Note: Mod 1 inadvertently replaced the SOW of the original agreement, when the intent was to 

add another project to the original agreement. Both NLR and VT worked to complete the scope 

of both the Original Agreement (Project 1) and Mod 1 (Project 2) under this CRADA period of 

performance and budget. 

CRADA Title: 

Original Agreement: Testing and Expertise for Marine Energy (TEAMER) Program Support 

Mod 1: Testing and Expertise for Marine Energy (TEAMER) Program Support - 

Mooring Modelling and Analysis for Floating Oscillating Surge Wave Energy Converter  

Responsible Technical Contacts at NLR: 

Project 1 (Original Agreement):  

Fredrick Driscoll | Frederick.driscoll@nrel.gov 

Rebecca Fao | Rebecca.Fao@nrel.gov  

Project 2 (Mod 1): David Ogden 

Name and Email Address of POC at Company: 

Prof. Lei Zuo | leizuo@vt.edu 

Sponsoring DOE Program Office(s): 

Office of Energy Efficiency and Renewable Energy (EERE), Water Power Technologies Office 
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Joint Work Statement Funding Table showing DOE commitment: 

Estimated Costs 
NLR Shared Resources  

a/k/a Government In-Kind 

Year 1, Original Agreement 

Year 2, Modification #1 

$75,000.00 

$120,000.00 

TOTALS $195,000.00 

Executive Summary of CRADA Work: 

Original Agreement: Testing of power electronics converter for ocean wave energy converters 

Mod 1: This TEAMER project will assist Virginia Tech with the development (design, model, 

analyze, and select) of a mooring configuration for a floating oscillating surge wave energy 

converter (FOSWEC), considering both technical and economic parameters. 

CRADA benefit to DOE, Participant, and US Taxpayer: 

Original Agreement & Mod 1: 

• Assists laboratory in achieving programmatic scope, and/or

• Uses the laboratory’s core competencies.

TASK DESCRIPTIONS & EXPLANATIONS: 

ORIGINAL AGREEMENT / MODIFICATION 0 

Purpose: 

To provide validation infrastructure and conduct testing to explore the performance of the 

Virginia Tech AC-DC power converter designed for the Wave Energy Converter (WEC) 

Statement of Work: 

Virginia Tech (VT) had previously developed a 50 kW AC to DC power converter that is 

specifically designed to improve the performance and efficiency of wave energy converters 

(WECs). Through this CRADA, NREL will test the VT power converter via a coupled 

dynamometer and power electronics test platform. The NREL test platform will be comprised of 

(1) a rotary dynamometer that will drive a VT provided gearbox and generator, (2) one or more

DC regenerative power supplies that provide input power to and take power from the VT

supplied power electronics, and (3) a data acquisition system for measurement. NREL will work

with VT to develop a test plan, set up the test platform and integrate the test article, perform the

testing, and assist in the data analysis.

http://www.nrel.gov/publications
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NREL shall complete the following tasks:  

Task 1: Work with VT to develop and approve a test plan. 

NREL and VT developed an initial test plan, and at program end it was considered partially 

complete.  See test plan summary in Participant Task 1 below for additional detail. 

Task 2: Review technical drawings and indicate changes to the VT system so that it conforms to 

NREL’s electrical and mechanical safety and design requirements.  

NREL reviewed technical drawings provided by VT and offered feedback to better conform to 

the equipment’s operating requirements. 

Task 3: NREL will set up the 225kW dynamometer to drive the VT machine and inspect VT 

system for conformance to NREL safety requirements, perform readiness reviews, and conduct 

testing. 

This task is not able to be completed due to Participant Task 2 below. 

Task 4: Complete testing, assist in data processing and analysis (VT and NREL will work 

together to process and analyze the test data), and submit data and test report to VT.  

This task is not able to be completed due to Participant Task 2 below. 

The Participant shall complete the following tasks:  

Task 1: Work with NREL to develop a test plan that will describe the test article, how it will be 

actuated, what measurements will be made and where, the test conditions, and define the roles 

and responsibilities of test participants.  

A summary of the test article, actuation methods, measurements, etc. can be found in the text 

below. 

http://www.nrel.gov/publications
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The overall system was desired to be implemented to a wave energy converter (WEC) to 

improve its performance, especially on energy conversion efficiency. The working condition of 

the power converter was as follows: 

Input Parameter Value 

Rated Input AC l-l Voltage 400 Vac ( 566 V peak) 

Rated speed of Generator 600 rpm (380V) 

Rated Input Power 50 kW 

Rated Current 76 A (107A peak) 

Average speed /l-l Volt/ Amp/ Power 300 rpm / 200 Vac/ 76 A/ 25 kW 

Input AC 3ph SSR 480V/ 125A/ 4-32V 

Amb. Temp. 0oC - 40 oC 

Output Parameter Value 

Output DC Voltage 800 𝑉 

Output Power 49.25 kW (98.5 % eff) 

Output Current 71 A 

Output Capacitor 800V, 70 uF 

IGBT Module Powerex 1200V, 150A 

IGBT max Case Temp 110 oC 

IGBT trip junction temp. 135 oC 

IGBT max junction temp. 150 oC 

Electrical Set-Up: 

The certain design limit for the power converter should not be exceeded due to safety concerns. 

Specifically, the input voltage should not exceed 566V, and the current should not exceed 107A. 

The temperature of the IGBT module should also be taken into consideration.  

The power electronics device should be assembled into the converter mode, which connects with the 

output from the 3-phase AC generator for measurement. The AC-DC power converter is operated under 

constant input impedance control with no DC bus voltage control. It is connected to an output DC source 

and programmable load to provide constant DC voltage. The DC programmable load and the DC source 

are set on constant voltage mode to emulate a 700 VDC battery. 

http://www.nrel.gov/publications
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Mechanical Set-Up: 

The actuator should be a rotary motor and drive the mechanical system in rotation motion. 

Preferred configuration of the mechanical set-up:

 

The preferred set-up includes the bi-directional rotation input from the rotary actuator, the MMR 

gearbox and the generator. The MMR gearbox is driven by the actuator and can rectify the 

motion into uni-directional rotation of the generator. The output of the generator will be directed 

to the power converter for measurement.  

If the MMR gearbox breaks during the test due to unexpected reasons, another configuration 

should be investigated before continuing the test. 

Alternate configuration: 

 

In this configuration, the MMR gearbox is removed, the input motion towards the generator will 

be simulated so the test can continue.  

http://www.nrel.gov/publications
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The overall configuration should be: 

380V 50 kW 
600rpm/50Hz

Generator

50 kW Power 
Converter

FOC- Control

DC programmable 
load 700V/50kW

3 phase power 
meter

800Vline-line/ 
100A

Programmable 
Motor Drive and Motor

MMR 
gearbox

DC Source 
800V/10A

Torque 
Sensor

1200 Nm

 

Measurable Parameters & Sensors 

The following parameters will be measured to characterize the PTO, generator, and power 

converter performance.  

Parameter: Sensor: Description: 

Power 
Converter 
temperature 

DAQ + Thermocouple x 4 for 
> 150°C  
1. On heatsink;  
2. Power module above 
IGBT  
3. Power module above 
DIODE 4. Inlet of DC fans on 
heatsink 

Measured on Power module  

Generator 
voltage 

Oscilloscope with isolated 
1.5 kV voltage probe x 4 

3 at converter input side  

1 at converter output side 

Generator 
Current 

Oscilloscope with 100A 
current probe x 4 

3 at converter input side  

1 at converter output side 

PTO output 
power  

3 phase power meter 800V/ 
80 kW 

Measured at converter input side  

DC power meter 800V/ 80 
kW 

Measured at converter output side 

Generator 
Temperature 

Thermocouple Measure generator temperature 

PTO 
temperature 

Thermocouple Inside MMR-gearbox, measure gearbox 
lubricant temperature 

PTO Torque Torque transducer On the input side of the MMR gearbox 

PTO speed Speed encoder On the input side of the MMR gearbox 

Generator 
Torque 

Torque transducer On the input shaft of the generator 

Generator 
speed 

Speed encoder On the input shaft of the generator 

http://www.nrel.gov/publications
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Electric load requirement: 

Equipment Rated Power Rated voltage 

DC Electronics loads 50 kW 800 V 

DC source 10 kW 1000 V 

All sensors will need to be recorded simultaneously either by the same data acquisition system or 

multiple data acquisition systems under the same time frame to guarantee that all the data 

acquired has the same time stamp and can be used for further analysis.  

The sampling frequency of the data acquisition system needs to be higher than 100Hz, and 

anything above that should be acceptable.  

Test and Analysis Matrix and Schedule 

The test will be performed with several groups of different waveforms to simulate different wave 

conditions. Different electric loads will also be selected based on the expected output power 

level.  

Group 1 Trapezoidal wave for characterizing the basic performance 

Rotation Speed Max Torque 
(Estimated) 

Peak Power 
(Estimated) 

Load Amount Estimated Time 

150 300Nm 5kW 6 2 hours 

300 500Nm 15kW 6 2 hours 

450 700Nm 30kW 6 2 hours 

600 900Nm 50kW 6 2 hours 

Group 2 Regular sinusoidal wave for ideal condition performance evaluation 

Max Rotation 
Speed 

Max Torque 
(Estimated) 

Peak Power 
(Estimated) 

Load Amount Estimated Time 

150 300Nm 5kW 8 4 hours 

300 500Nm 15kW 8 4 hours 

450 700Nm 30kW 8 4 hours 

600 900Nm 50kW 8 4 hours 

Group 3 Irregular wave for non-ideal condition performance evaluation 

Max Rotation 
Speed 

Max Torque 
(Estimated) 

Peak Power 
(Estimated) 

Load Amount Estimated Time 

150 300Nm 5kW 8 4 hours 

300 500Nm 15kW 8 4 hours 

450 700Nm 30kW 8 4 hours 

600 900Nm 50kW 8 4 hours 

http://www.nrel.gov/publications
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Safety 

Since the power converter works with high voltage and large power, the regular electrical 

engineering safety protocols need to be followed. Since the mechanical components can also 

break during the testing, a safety distance and potential protection may be desired for the testing.  

Contingency Plans 

The system may encounter different levels of component failure during testing. If there is a 

mechanical component failure, then a backup test set-up should be investigated. If there is a 

power converter failure, the converter needs to be checked for potential damage and replace the 

broken components if the converter can still perform functionally. 

Data Management, Processing, and Analysis 

Data Management 

The data acquired will be stored on the cloud so it can be acquired through the internet for more 

simple access to everyone. All recorded data, including the reading from both the mechanical 

part and the power electronics part can be shared to the MHK DR in the required format. 

Data Processing 

The acquired data will be analyzed daily and compared against the simulated data from the 

model. Due to testing conditions, there may be some fluctuation of the data, which is acceptable. 

Once it is determined as noise, a numerical filter will be added when processing the data to 

eliminate the influence from these uncertainties.  

Data Analysis 

The data collected from the test will be used for two major purposes; one is to evaluate the 

efficiency of the energy conversion, and the other is to conduct longer term safety calculation for 

the system. Neither will require massive processing of the raw data. However, since there is 

noise coming from all sources of data collection, a numerical filter may be added to the data for 

post processing.  

The final outcome of the data should be the energy conversion efficiency of the system over 

different load conditions, and the head stress of the power converter under different load 

conditions.  

Task 2: VT will develop and provide NREL with professional technical drawings, including 

electrical and mechanical schematics that allow NREL to interface equipment, and to perform a 

safety review.  

http://www.nrel.gov/publications
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At program end, this task is considered partially complete. While initial diagrams and schematics 

are available, the software program required to interface with NREL equipment is not able to be 

fully developed. The remaining steps needed to be done are: 

• Step 1: start from ADCPWM folder to ensure the hardware connection and ADC sensing. 

Test each ADC channel with voltage and current source and read the values from code 

composer.  

• Step 2: SinINV_test folder. Connect the system with inductance and resistive as RL 

loads. DC source as input source.  

Ensure the output frequency and amplitude are as expected.  

• Step 3: SinINV_test folder. Modify the code to drive the generator as motor by following 

the instructions found on Texas Instruments InstaSPIN-FOC User’s Guide. The 500W 

instaspin inverter module should be used as a prototype to get familiar with instaSPIN-

FOC programs.  

• Step 4: According to the parameters from step 3. Modify parameters 

in  impd_ctrl_gen_rect_50kW folder.  As in as in 500W PTO test, control the 50kW 

inverter module as impedance(FOC) by connecting DC side with DC source and DC 

load. AC to generator(PTO). Generator is driven by motor at constant speed.    

• Step 5: PTO mode. Change the inverter impedance realtime to match the wave profile to 

PTO in order to extract the maximum energy.  

The time for each step is estimated at several weeks to a month, after becoming familiar with the 

programs and hardware. The subject matter expert from Virginia Tech left the country, and their 

visa status does not allow them to continue to support this project. At this time, there are no 

resources available from Virginia Tech who are able to fill this role. 

Testing of the Virginia Tech hardware cannot be completed without this software, so Project 1 is 

being closed without completion of that testing. No results or conclusions will be drawn. 

Task 3: VT will ship the test article to NREL’s Flatiron Campus. The system will include the 

power electronics converter and drivetrain components that are to be connected to the NREL 

dynamometer and regenerative DC power supply. All electronic systems shall be completely 

assembled in a professional manner that meet NREL electrical and mechanical requirements and 

other applicable standards. VT will also supply interface and operating documents.  

Virginia Tech shipped the test article to NREL’s Flatiron Campus in a professional manner that 

meets NREL electrical and mechanical requirements. The interface and operating documents are 

considered partially complete, due to the software issue described in Participant Task 2. 

Task 4: VT will provide personnel to participate in the setup, testing, and decommissioning of 

their test article.  

As noted in Participant Task 2 above, a primary subject matter expert for the system controller 

has left the country and is not able to support on-site testing. 

Task 5: VT and NREL will work together to process and analyze the test data. 

http://www.nrel.gov/publications
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This task is not able to be completed due to Participant Task 2. 

MODIFICATION 1 

This modification adds a new scope of work, funds and time to the agreement. 

Purpose: 

VT, Resolute Marine Energy and Stevens Institute of Technology are designing a 1:2 scale, 100-

kW FOSWEC. Once this FOSWEC has been designed and built, it will be deployed and 

analyzed at the wave energy test site, PacWave South Site (“PacWave Site”), based at Oregon 

State University. The objective of this TEAMER project is to develop an anchor/mooring 

configuration for this FOSWEC design that is suitable for PacWave Site deployment at a 

reasonable cost. 

Statement of Work: 

There are three objectives with this TEAMER project: 

1) Review the preliminary mooring design configuration. 

2) Build a model coupling the mooring system and the floating platform interactions. 

3) Using the coupled model, perform a parameter optimization considering both technical 

and economic impacts. 

NREL shall complete the following tasks: 

Task 1:  

NREL will determine the anchor specifications for the FOSWEC at the PacWave Site. To 

accomplish this, NREL will acquire the local marine geology conditions (i.e., the seabed 

geological conditions and rock structures) for the PacWave Site. The preliminary anchor design, 

provided by VT, will be reviewed, and modified as necessary, accounting for the local marine 

geology, the desired connection points, and estimates of the maximum mooring loads and 

stresses. This task is estimated to be completed within 0.5 months of the execution of the 

agreement. 

The anchor specifications for the different mooring designs are shown in Tables 2 and 4 below. The 

catenary-chain mooring systems assume drag-embedment anchors (DEAs), which are easy to install, 

relatively non-expensive, but cannot allow for vertical forces on the anchor. This requires a certain 

amount of chain to always remain on the seabed over time as to not produce vertical forces, which would 

decrease the effectiveness of a DEA. The taut-polyester mooring systems assume suction pile anchors, 

which can also be easy to install, can handle both vertical and horizontal mooring loads, but are more 

expensive than DEAs. These anchors allow different styles of mooring systems, such as taut systems with 

large attachment angles, to be used with line types other than chain, which can decrease cost. However, as 

the taut designs increase the mooring line tension on the anchor, the larger the suction piles have to be, 

which will increase mooring system costs. 

http://www.nrel.gov/publications
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For this initial mooring system design exploration for the VT FOSWEC, specific anchor details 

were not investigated. Many mooring system designs were being iterated in quasi-static and 

dynamic design tools, and any other computation time to design specific anchors was deemed 

unnecessary. It was simply assumed that catenary-chain mooring system designs would use 

DEAs and the taut-polyester mooring system designs would use suction piles, and the hardware 

costs of each could be calculated based on the mooring load on the anchor point. 

Ideally, we would use specific anchor design tools (which are currently being developed at 

NREL at the time of this writing), in conjunction with the local seabed conditions and 

bathymetry, to parameterize the anchor specifications for a given mooring system. These tools 

would be able to describe the type, size, geometry, and holding capacity of specific anchors, 

depending on the maximum mooring line loads and the seabed conditions. 

The reference site of the VT FOSWEC was set as the PacWave South Test Site off the coast of 

Oregon, USA. The seabed conditions and bathymetry of the region are publicly available 

(https://tethys.pnnl.gov/project-sites/pacwave-south-test-site), with a map of the seabed 

bathymetry shown in Figure 1. The water depth in the test site ranges from 62-70 meters. 

 

Figure 1. Seabed bathymetry of the PacWave South test site, which is reference site for the VT 
FOSWEC. The seabed bathymetry and soil conditions should be used as input to the anchor and 

mooring system design process. 

http://www.nrel.gov/publications
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Again, these seabed properties would ideally be used as input to a specific anchor design tool, 

but that level of design detail was initially deemed unnecessary for the amount of mooring 

design iterations being done for the VT FOSWEC. This is also why the order of tasks was 

rearranged, so that the WEC design could be finalized first, then the mooring design, and then 

the anchor design. 

Task 2: 

NREL will finalize the mooring configuration for the FOSWEC at the PacWave Site. VT has 

developed a preliminary, 70m-deep mooring configuration, based on a simplified ANSYS-AQWA 

model of the FOWEC. NREL will review and modify, as necessary, VT’s preliminary mooring 

configuration, considering the anchor specifications and IEC standards (IEC TS 62600-10 

Assessment of Mooring System). This task is estimated to be completed within 1.5 months of the 

execution of the agreement. 

Power response curves were created for a range of different mooring stiffnesses using a linear 

mooring model. This enabled us to identify a target mooring stiffness of 70 kN/m for the 

mooring system (Figure 2). 

 

Figure 2. Power response curves for the VT FOSWEC device 

NREL’s in-house mooring design tools were used to develop candidate mooring configurations – 

either based on a catenary chain design or a taut polyester design—that satisfied this target 

stiffness. 

The mooring footprint was determined from the PacWave berth sizes, as shown in Figure 3. 

http://www.nrel.gov/publications
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Figure 3. Top: Mooring footprints for PacWave berths. Bottom left: anchor points for catenary 
chain designs. Bottom right: anchor points for taut rope designs. 

Many mooring options were analyzed, based on either a catenary chain design or a taut rope 

design – selected results are shown in Figure 4, which show the trade-off between mooring cost 

and stiffness for different configurations. 

http://www.nrel.gov/publications
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Figure 4. Top: Catenary mooring system costs vs stiffness for different mooring line headings. 
Bottom: Taut rope mooring system costs vs stiffness. 

The key results for each catenary chain designs (lines and anchors) are shown in Table 1, and for 

corresponding anchors in Table 2. Tables 3 and 4 show the same results but for the taut rope 

designs. 

http://www.nrel.gov/publications
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Table 1. Mooring line design optimized properties. 

FOSWEC 
Length (m) 

Headings 
(°) 

FOSWECs 
in Berth 

Mooring 
System 
Stiffness 
(kN/m) 

Anchor 
Spacing 
(m) 

Chain 
Length 
(m) 

Chain 
Diameter 
(mm) 

Line Cost 
($) 

55 45 1 40 644.2 652.5 30.4 31,019 

55 45 1 50 644.8 652.4 31.1 32,459 

55 45 1 60 644.1 651.4 33.6 37,829 

55 45 1 70 645.0 651.2 32.0 34,302 

55 45 1 80 642.3 648.4 34.1 38,784 

55 12 1 60 913.8 921.2 27.0 34,545 

55 12 1 40 914.8 922.7 23.1 25,327 

55 12 1 80 916.7 923.7 30.1 43,049 

55 27 1 60 1,006.2 1,012.5 27.1 38,250 

55 27 1 120 1,002.5 1,006.0 30.4 47,824 

45 45 2 60 318.1 335.6 93.1 149,631 

45 45 3 60 207.8 226.7 102.1 121,564 

45 45 4 60 153.7 172.5 101.1 90,697 

45 15 2 60 831.7 838.6 25.0 26,961 

45 15 3 60 550.0 557.8 28.6 23,470 

45 15 4 60 406.3 419.2 44.7 43,086 

45 27 2 60 493.3 503.9 37.8 37,036 

45 27 3 60 325.0 340.0 59.3 61,502 

45 27 4 60 241.3 262.6 98.0 129,732 

http://www.nrel.gov/publications
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Table 2. Mooring system and anchor design results. 

FOSW
EC 
Length 
(m) 

Hea
din
gs 
(°) 

FOS
WECs 
in 
Berth 

Mooring 
System 
Stiffness 
(kN/m) 

Max 
Surge 
(m) 

Mean 
Surge 
(m) 

Max 
Fairle
ad 
Tensi
on 
(kN) 

Mean 
Fairle
ad 
Tensi
on 
(kN) 

Max 
Anch
or 
Load 
(kN) 

Mean 
Anchor 
Load 
(kN) 

DEA 
Anchor 
Cost ($) 

55 45 1 40 10.6 -0.01 621.9 119.0 574.3 108.7 16,508 

55 45 1 50 9.8 -0.01 650.1 139.2 603.8 128.6 17,357 

55 45 1 60 8.3 -0.005 643.7 169.7 599.2 157.6 17,226 

55 45 1 70 7.9 -0.004 653.4 187.5 613.0 176.6 17,623 

55 45 1 80 6.8 -0.004 635.1 216.2 601.9 203.8 17,301 

55 12 1 60 8.4 -0.009 487.0 100.8 441.1 92.8 12,681 

55 12 1 40 11.0 -0.02 486.2 70.8 435.2 64.2 12,511 

55 12 1 80 6.5 -0.004 453.7 131.1 418.9 121.6 12,038 

55 27 1 60 9.4 -0.008 519.1 117.5 470.2 109.4 13,517 

55 27 1 120 5.6 0.004 512.2 229.4 490.4 219.5 14,097 

45 45 2 60 9.0 -0.02 764.6 336.5 583.9 243.4 16,784 

45 45 3 60 9.5 -0.02 793.3 360.2 585.8 248.5 16,840 

45 45 4 60 8.9 -0.02 924.7 357.0 707.2 246.6 20,329 

45 15 2 60 7.7 -0.008 438.5 96.1 401.7 89.3 11,548 

45 15 3 60 5.2 -0.006 418.7 113.9 388.8 105.3 11,178 

45 15 4 60 5.9 -0.01 470.8 128.6 403.7 107.4 11,605 

45 27 2 60 6.0 -0.01 483.3 126.0 431.4 110.8 12,402 

45 27 3 60 6.9 -0.01 556.2 177.1 453.2 139.5 13,028 

45 27 4 60 9.8 -0.02 703.4 278.7 506.7 177.6 14,565 

Table 3. Key information for taut rope mooring designs. 

FOSWEC 
Length 
(m) 

Headings 
(°) 

FOSWECs 
in Berth 

Mooring 
System 
Stiffness 
(kN/m) 

Anchor 
Spacing 
(m) 

Polyester 
Rope 
Length (m) 

Polyester 
Rope 
Diameter 
(mm) 

Line 
Cost ($) 

55 45 1 40 453.1 424.2 87.7 9,180 

55 45 1 50 389.2 360.0 90.3 8,260 

55 45 1 60 383.4 354.6 98.2 9,620 

55 45 1 70 379.2 350.7 105.5 10,980 

55 45 1 80 340.6 315.8 107.7 10,300 

55 45 1 90 323.5 298.3 111.0 10,340 

55 45 1 100 321.7 296.6 116.7 11,360 

45 45 1 60 329.0 321.9 93.9 7,975 
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Table 4. Anchor specifications for taut rope mooring designs. 

FOS
WEC 
Leng
th 
(m) 

He
adi
ng
s 
(°) 

FOS
WEC
s in 
Bert
h 

Mooring 
System 
Stiffness 
(kN/m) 

Max 
Surge 
(m) 

Mean 
Surge 
(m) 

Max 
Fairlea
d 
Tensio
n (kN) 

Mean 
Fairlea
d 
Tensio
n (kN) 

Max 
Ancho
r Load 
(kN) 

Mean 
Anchor 
Load 
(kN) 

Anchor 
Cost ($) 

55 45 1 40 16.7 -0.02 629.6 367.7 590.1 365.7 116,940 

55 45 1 50 16.9 -0.03 788.9 486.3 768.7 484.5 152,340 

55 45 1 60 16.7 -0.04 927.0 574.1 907.6 572.5 179,850 

55 45 1 70 16.6 -0.02 1064.0 661.4 1049.3 659.5 207,940 

55 45 1 80 16.4 -0.01 1107.6 643.5 1093.6 641.4 216,720 

55 45 1 90 14.5 -0.009 1236.8 757.2 1231.9 755.0 244,110 

55 45 1 100 12.1 -0.005 1308.3 838.1 1306.4 835.8 258,880 

45 45 1 60 17.2 -0.02 773.6 393.7 754.9 391.8 149,590 

Generally, the catenary chain designs have a higher mooring line cost but a lower anchor costs, 

whereas the taut rope mooring lines have a lower mooring line cost but higher anchor costs. 

Either system can be designed for the target stiffness. 

However, the mooring system design was not finalized as the VT FOSWEC design is still in flux 

– with different base lengths and openings being explored. These FOSWEC design explorations 

will affect the design of the optimal mooring system. Furthermore, before finalizing the design, 

the WEC-Sim model should be validated against high fidelity models – both to build confidence 

in the results and to estimate drag coefficients for the system. Once the VT FOSWEC design has 

been finalized, the workflow has been established to quickly analyze different mooring 

configurations. 

Task 3: 

NREL will build a numerical model of the FOWEC, with its finalized mooring configuration, for 

the PacWave Site environmental conditions, using NREL’s WEC-Sim model and MoorDyn. The 

model will consider the interactions of the FOSWEC and that mooring configuration. This task is 

estimated to be completed within 5.0 months of the execution of the agreement. 

At the start of the project, it was decided by NREL and Virginia Tech to reverse the order of the 

tasks, so Task 3 was completed first. This model was not developed “with its finalized mooring 

configuration” but rather it was developed to model and analyze various mooring configurations 

and understand the trade-offs to be made. The Virginia Tech FOSWEC design has not been 

finalized, so the modeling workflow was set up to quickly and easily change the design in the 

future modeling efforts. 
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• Geometry Parameterization and Mesh Generation 

Python scripts were developed to take descriptions of the FOSWEC geometry (e.g. base 

length, flap width, draft) and convert them into .stl and .nemoh meshes using Gmsh and 

Meshmagick. 

 

Figure 5. Screen capture of mesh generation with Gmsh. 

• Hydrostatic Properties 

The open-source Python package Meshmagick was used to take the .nemoh mesh files and 

compute properties such as the hydrostatic stiffness matrix, center of buoyancy and shell 

inertia properties, which are necessary for the time-domain simulations. These properties 

were saved in .txt files. 

• Hydrodynamic Coefficient Computation 

The open-source Python package Capytaine was used to compute hydrodynamic 

coefficients (excitation, added mass and radiation damping) for each geometry across a 

range of frequencies. The coefficients were saved in .nc files. 

• Data Conversion 

The MATLAB tool BEMIO was used to convert the .txt and .nc files into .h5 files, making 

them compatible with WEC-Sim. 

• Time-domain simulations with WEC-Sim & MoorDyn 

The WEC-Sim model of the VT FOSWEC was developed with a simple linear mooring 

model (i.e. a linear spring-damper) and with a MoorDyn coupling for a fully nonlinear 

mooring analysis to assess the performance of the system with both catenary and taut 

mooring systems. 
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Figure 6. Schematic of the VT FOSWEC WEC-Sim model, with the MoorDyn block used to couple 
WEC-Sim and MoorDyn. 

• Mooring design process: 

The mooring design process involves the use of both NREL’s internal, quasi-static 

mooring design tools, and the WEC-Sim/MoorDyn coupling to calculate the dynamics on 

the floating body and mooring system, respectively. The mooring design process is 

shown in Figure 7.  

 

Figure 7. Mooring system design process for VT FOSWEC. 

The Participants shall complete the following tasks: 

Task 1: 

Participants at VT shall provide NREL with the data necessary to complete its assigned tasks; 

and feedback on task deliverables, within 2 weeks of delivery. Specifically, NREL shall be 

supplied with the preliminary anchor design; the preliminary mooring configuration; the 

physical properties required to model the FOSWEC and mooring configuration; any previous 

WEC-Sim models of the FOSWEC; and, any powertake-off (PTO) models, if these are necessary 

to accurately model the FOSWEC-mooring configuration interactions. 
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Virginia Tech provided all data that was available, however due to Task 3 being completed first, 

this task was largely reduced in scope.  Rather than VT providing base information for NREL to 

then model off of, NREL completed various optimization and trade-off analysis as presented in 

the section above.  For example, VT provide a base FOSWEC length of 45 m, however Tables 1 

– 4 above show analysis against lengths 45 and 55 for comparison.  VT also provided 

information that the studies should be focused around 500 kN of max anchor loading, which is 

information that NREL then used to produce Table 2.  The WEC-Sim logic model provided by 

VT with assumptions can be seen in Figure 2. 

Task 2: 

Based on the numerical model built by NREL, a preliminary techno-economic analysis of the 

anchor/mooring configuration will be completed by VT. VT will select the key components, and 

the desired manufactures will be engaged. NREL will review the analysis and key comment 

selections. The final mooring configuration is planned to be ready for manufacturing and testing 

at the PacWave Site at the end of this project. This task is estimated to be completed within 6.0 

months of the execution of the agreement. 

The techno-economic analysis indicated that the base-length of 45 𝑚 satisfied the load and 

economic constraints. The incoming wave for the base-length studies was 0.1 𝑚 and the wave 

periods were varied from 2 𝑠 to 20 𝑠. NREL has reviewed and provided feedback on the 

analysis. 

NREL and the Participants shall complete the following task: 

Task 4:  

Preparation, in accordance with CRADA Directive O 483.1B, of a final report to include a list of 

Subject Inventions; and other scientific and technical information in any format or medium that 

is produced as a result of this CRADA. 

This report serves to meet the requirement for the CRADA Final Report with preparation and 

submission in accordance with the agreement’s Article X. 

MODIFICATIONS 2 - 5 

These modifications add time without scope or funds to the period of performance. Additional 

time was needed on Project 1. 

Subject Inventions Listing: None. 

ROI #: None. 
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