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1 INTRODUCTION  

This testing program measures the performance of a 1-DoF heaving wave-energy converter device to 

validate control strategies as part of our efforts under our SPA-II project to develop optimal controls 

approaches.  

The core objectives of this project is to improve the power capture of three different wave energy 

conversion (WEC) devices by more than 50% using an advanced control system and validate the 

attained improvements using wave tank and full scale testing. In parallel, we will bring along the 

development of a wave prediction system that is required to enable effective control and test it at full 

scale. Development efforts will start at a TRL 3 and end at a TRL6.  

The purposes of this report are to: 

 Plan and document the 1/25th scale device testing at the wave-tank facility; 

 Document the test article, setup and methodology, sensor and instrumentation, mooring, 

electronics, wiring, and data flow and quality assurance; 

 Communicate the testing results between the associated members; 

 Facilitate reviews that will help to ensure all aspects (risk, safety, testing procedures, etc.); 

 Provide a systematic guide to setting up, executing and decommissioning the experiment. 
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2 TEST OBJECTIVE 

The main objective of the 1/25th scale point-absorber type heaving buoy is to obtain the necessary 

measurements required for validate the performance of different control strategies. This includes: 

 Validate the hydrodynamic coefficients such as wave-excitation force, radiation damping, 

drag coefficient of the device; 

 Validate the numerical results from WAMIT; 

 Measure the power-extraction performance of the WEC device with different control 

strategies (Linear damping, Causal control, MPC). 
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3 TEST FACILITY 

Testing was mainly conducted in the Directional Wave Basin (DWB) at O. H. Hinsdale Wave Research 

Laboratory of Oregon State University (OSU), Corvallis, Oregon. The DWS is an indoor basin having 

an overall length of 48.8 m (160 ft.), a width of 26.5 m (87 ft.) and a depth of 1.37 m (4.5 ft.). A 

photo of the DWB can be found in Figure 1. The basin has an instrumentation carriage spanning the 

width of basin. The opposite end of wavemaker is 1:10 removable steel beach. Uni-strut inserts are 

placed in rows with 1.2 m spacing to affix wave gauge and model in floor of the basin. Figure 2 

shows general schematic of the DWB layout.  

The second testing was performed in the Richmond Field Station (RFS) of University of California at 

Berkeley, which is shown in Figure 3. The RFS wave-tank has 68 m length, 2.4 m width, and 1.8 m 

depth with a flap-type wave maker. A carriage can travel along with the length of the tank. 

 

 

 

Figure 1. Overview of the DWB, OSU 
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Figure 2. General schematic of the DWB layout 

 

Figure 3. Overview of the wave tank, RFS 
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3.1 WAVE MAKER 
The OSU wave maker is a piston-type system made of 29 boards with up to 2.1 m long stroke. The 29 

boards of 2 m (6.6 feet) height are driven by electrical motors. The facility has been designed to 

generate regular, irregular, Tsunami and multidirectional waves. Detailed specifications of the OSU 

wave maker are list in Table 1. 

Table 1. Specifications of OSU wave maker 

Parameter Value 

Period range 0.5 to 10 sec 

Max. wave  0.75 m (2.5 ft.)  in 1.37 m (4.5 ft.) depth 

Max. stroke 2.1 m (6.9 ft.) 

Max. velocity 2.0 m/s (6.6 ft./s) 

 

Figure 4 shows the performance curves of the OSU wave maker as functions of wave height 

(h)/water depth (H) and wave height (h)/wave length (L). Based on this performance curves, wave 

conditions, i.e., periods and height, were selected to retain linear-wave theory. 

 

Figure 4. Performance curves of the OSU wave maker 



Protected 

14 | P a g e  
 

4 SCALED MODEL DESCRIPTION 

4.1 DEVICE DESCRIPTION 

4.1.1 Full-scale device 

The heaving buoy designed by RE Vision Consulting, LLC., is a heaving point-absorber wave-energy 

converter (WEC). A single body is constrained to move vertically in response to incident waves. The 

relative vertical motion with respect to the fixed structure or platform is utilized to capture wave 

energy. The buoy has an axisymmetric body, with conical bottom shape. The general concept of the 

heaving buoy is illustrated in Figure 5. 

 

 

Figure 5. Schematic of the heaving buoy. 

The full-scale device is expected to be deployed in intermediate or deep water, and dimensions are a 

diameter of 11 m, a cylindrical height of 4 m, and conical bottom height of 1.2 m (30% of the 

cylindrical height).  

4.1.2 Model-scale device   

For testing in the wave basin, the device was scaled down by 25X from the full-scale design. A 

SolidWorks rendered image of the 1:25 scale model and proposed arrangement for testing at wave 

tank are shown in Figure 6. An engineering view of the heaving buoy is also shown in Figure 7. 



Protected 

15 | P a g e  
 

          

Figure 6. Prospective view of overall system(left) and buoy (right) for 1:25 scale model 

 

Figure 7. Engineering view of 1:25 scale heaving buoy 
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The elements of the model-scale WEC device for tank testing are as follows: 

 

 The buoy: moving part of the device made by Foam and Fiberglass for surface; 

 

 The power take-off: permanent magnet linear motor consisting of stator and slider; 

 

 The transducer assembly: contains a load cell and connects the slider to the heave rod; 

 

 The ballast disk: weights to match desired draft of the buoy, 15 lbs (6.8 kg); 

 

 The heave rod: (1) 8” (length) x 0.5” (diameter) shaft for compatibility with load cell carrier; 

(2) 36” (length) x 0.625” (diameter) shaft connected to the center of buoy. 

 

The power take-off and linear bearings for heave rod are mounted on 80/20 frame, which is 

attached to the platform or carriage using C-clamps.  

 

4.2 POWER TAKE-OFF DESCRIPTION 
The power take-off (PTO) is a direct-drive permanent magnet linear motor PS01x37-120C with PL01-

20x1600/1520-LC slider manufactured by LinMot. It provides a maximum 163 N reaction force. 

Specifications of motor and drive is included in Appendix A.  

The moving part of magnet or slider is connected to the buoy, while the stator is mounted on the 

bridge. The motor force is controllable via an analog signal provided by the motor drive which allows 

real-time force control loops to be implemented.  The load cell is positioned between the slider and 

the heave rod as shown in Figure 8, thus measuring the total linear force between the buoy and the 

PTO. Linear bearings isolate the forces transferred to the load cell to 1-DoF and insure off-axis loads.  
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Figure 8. Detailed view of the transducer assembly 

The motor drive provides position measurements in form of a simulated encoder output.  A encoder 

to voltage converter manufactured by Laurel Electronics, provides the user scalable analog output 0-

10V from digitally transmitted pulse counts. 

4.3 DEVICE PROPERTIES 
The full-scale and 1:25th model-scale buoy properties are listed in Table 2.  Definition of geometrical 

parameters of the buoy is shown in Figure 5.  

Table 2. Critical properties of the buoy 

 Full-scale Model-scale  

Diameter (m) 11 0.44 

Cylindrical height (m) 4 0.16 

Conical bottom height (m) 1.2 0.048 

Draft (m) 3.2 0.128 
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Water depth (m) 35 1.365 

Displaced mass (kg) 228079.6 14.60 

Submerged volume (m3) 228.08 0.146 

 

 

4.4 FROUDE SCALING 
Device linear dimensions and properties are scaled per Froude scaling laws, listed in Table 3 below. 

Table 3. Froude scaling law 

Quantity Units Scaling 

Wave height and length m s 

Wave period and time sec s0.5 

Wave frequency Hz s-0.5 

Linear displacement m S 

Linear velocity m/s s0.5 

Force N s3 

Power W s3.5 

Mass Kg s5 

Linear stiffness N/m s2 

Linear damping N/(m/s) s2.5 
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5 TEST MATRIX AND SCHEDULE 

5.1 TEST MATRIX  
The performed tests of the 1/25th scale device at wave-tank listed in Table 4, and incident-wave 

conditions for testing are shown in Table 5. Detailed test runs are listed in Appendix G. 

Table 4. Test matrix 

ID Tests Measurements Device Wave 

1 Free-decay . Position  - 

2 Wave-excitation force 
. Force 

. Incident-wave elevation 
Fixed Regular 

3 Power performance 

. Force 

. Position 

. Incident-wave elevation 

- Regular 

 

Table 5. Test waves  

Type Period Height Test ID 

Regular 1.0/1.4/1.8/2.2/2.6/3.0/3.4 sec 4 cm 2. 3 

 5/7/9/11/13/15/17 sec 1 m (Full scale) 

h/L (OSU) 0.87/0.45/0.28/0.21/0.17/0.14/0.12 0.03 (H/h)  

5.2 TEST SCHEDULE 
TEST CAMPAIGN I was carried out at the Oregon State University (OSU) tank facility from March 6 

(Monday) to March 8 (Wednesday), 2017, as shown in Table 6. 

Table 6. Testing schedule – Test Campaign I 

Date/Time Event 

Monday WEC installation and work-in 

08:00 – 14:00 Assembling and installation of the device, set up for testing and verifying operation 

14:00 – 17:00 Force control loop debugging  
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Tuesday Full Test Day 

08:00 – 15:30 Force control loop debugging 

15:30 – 17:00 Wave-excitation force test 

Wednesday Full Test Day 

08:00 – 08:30 Free-decay test 

08:30 – 10:00 Wave-excitation force test 

10:00 – 17:00 Performance test in regular waves with linear damping and MPC 

 

TEST CAMPAIGN II was carried out at the Richmond Field Station (RFS) of the UC Berkeley from April 

19 (Wednesday) to April 21 (Friday), 2017, as shown in Table 7. 

Table 7. Testing schedule - Test Campaign II 

Date/Time Event 

Wednesday WEC installation 

18:00 – 20:00  Assembling and installation of the device, set up for testing and verifying operation 

Thursday Full Test Day 

09:00 – 15:30 Performance test in regular waves with linear damping 

15:30 – 20:00 Performance test in regular waves with MPC 

Friday Full Test Day 

09:00 – 14:00 Performance test in regular waves with MPC 

14:00 – 19:00 Performance test in regular waves with Causal control 

19:00 – 21:00 Decommissioning the model 

 

TEST CAMPAIGN III was carried out at the OSU from May 24 (Wednesday) to May 26 (Friday), 2017, 

as shown in Table 8. 

Table 8. Testing schedule – Test Campaign III 

Date/Time Event 

Wednesday WEC installation and work-in 

12:00 – 15:30 Assembling and installation of the device, set up for testing and verifying operation 

15:30 – 17:00 Performance test in regular waves with linear damping 

Tuesday Full Test Day 

08:00 – 11:00 Performance test in regular waves with MPC 

11:00 – 12:00 Performance test in regular waves with Causal control 

12:00 – 17:00 Performance test in regular waves with linear damping 

Wednesday Full Test Day 

08:00 – 11:00 Performance test in regular waves with Causal control 

11:00 – 16:30 Performance test in regular waves with MPC 

16:30 – 17:30 Decommissioning the model 
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6 EXPERIMENTAL SET UP AND METHODS 

6.1 INSTALLATION 
The slider, transducer assembly, and heave rod need to be connected sequentially. Figure 9 and 

Figure 10 show the installed device in the Oregon State University (OSU) wave basin and the 

Richmond Field Station (RFS) wave tank, respectively. One of wave gauges is aligned with the center 

of buoy, and another one is positioned the device ahead. 

After installing the device in wave tank, a fundamental functionality test should be done to check 

force control mode of LinMot motor and to confirm direction of the force and position. The positive 

PTO force moves the buoy up (positive position). 

 

 

Figure 9. Installed device in the OSU wave basin 
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Figure 10. Installed device in the RFS wave tank 

6.2 INSTRUMENTATION 
The sensors used for testing are listed in Table 9 below: 

Table 9. Sensors 

Function Sensor Maker Units 

PTO force LSB200 – 50lb Futek N 

Linear position LT61QD Laurel Electronics, Inc. m 

Wave elevation 
Twin-wire resistance wave gauge (OSU) 

Capacitance wave gauge (RFS) 
- m 

 

The following points should be noted in relation to the interface with sensor systems: 

 Force feedback is provided by way of a dedicated load cell, which is connected to a strain 

gauge amplifier manufactured by Mantracourt Electronics.  An output in volts from the 

sensor is provided in the calibration curve, which is shown in Figure 11. Detailed information 

of the load cell and amplifier is included in Appendix B. 
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 Linear position is provided by way of a simulated quadrature encoder outputs, providing 

A/B/Z TTL signals from the LinMot drive. The connected Laurel transmitter provides analog 

output for position from quadrature encoder signal by digital-to-analog converter. To scale 

analog output, two endpoints of output range needs to be set. After calibration, a slope of -

11.913 mm/V was used at +/- 3000 count range of the encoder, with 10 um resolutions. 

 OSU provided the wave gauge of twin-wire resistance type. Seven wave probes were 

installed around the device in semicircle as shown in Figure 12. The provided conversion 

slope between the voltage output and wave elevation in meter is listed in Table 10.  At the 

RFS facility, wave gauges of capacitor type were installed with 18.05 m distance between 

them. In addition, wave maker signal is also provided, which is 5 volts from 0 volt when it 

starts. 

 

 

Figure 11. Calibration curve of force sensor 

 



Protected 

24 | P a g e  
 

 

Figure 12. Layout of the installed device and probe in OSU wave basin 

 

Table 10. OSU wave gauge calibration slope and position 

Wave probe # Slope Slope unit X-Position (m) Y-Position (m) 

1 0.231 m/V 9.477 0.003 

2 0.228 m/V 10.704 2.687 

3 0.227 m/V 11.909 3.427 

4 0.346 m/V 13.141 3.624 

5 0.228 m/V 14.351 3.414 

6 0.239 m/V 15.574 2.697 

7 0.230 m/V 16.779 -0.006 

 

  



Protected 

25 | P a g e  
 

7 DATA PROCESSING AND ANALYSIS 

7.1 DATA QUALITY ASSURANCE  
Data collection started just before wave maker started and continued until wave generation 

stopped. This ensure that the data captures the initial conditions and ramp-up/down as well as the 

trigger signal to enable subsequent time synchronization. 

Raw data from the wave gauges and from the sensors were collected by the same data acquisition 

system and stored in a .mat file for each test run.  The data quality assurance was checked at three 

points: 1) visually in real-time during each test, 2) in-between test runs through the initial 

processing, and 3) data analysis after testing. Corrective action was taken if any issues in the data 

and device were observed. 

7.2 DATA PROCESSING IN REAL-TIME 
The data flow and processing steps are shown in Figure 13. The tests were performed using pre-

written scripts that run on a Speedgoat system. These scripts load the data, perform initial 

processing, and create figures for review. Post-processing and analysis were completed using 

achieved data file after testing was complete. 

 

Figure 13. Data flow and processing steps. 

For real-time data assessment and control prototyping, Speedgoat was used. Speedgoat is a real-

time target machine that allowed us to execute Simulink models in real-time. Specifications of the 

Speedgoat system is included in Appendix C. This Speedgoat system allows live parameter tuning, 

signal monitoring and execution control. Workflow of the Speedgoat system is illustrated in Figure 

14. Wiring to sensors via I/O module of the Speedgoat is illustrated in Appendix D.  
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Figure 14. Workflow of Speedgoat. 

A screen-shot of the front panel for real-time data processing and different control mode is provided 

in Figure 15. It should be noted that all input values from control panel should be full-scale values, 

and are then converted into model-scale values in Simulink. The parameters implemented on the 

front panel as follows: 

Table 11. Parameters on control panel  

Parameter Description Units 

Control Modes 1: Linear damping, 2: Causal control, 3: Safe damping, 4: MPC  

Set loop gain Loop gain for all control modes  

Damper Used to set PTO damping value for linear damping (Test 5)  N/(m/s) 

Safe damper PTO damping value for safe operation  N/(m/s) 
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Figure 15. Front panel of real-time controller 

7.3 CONTROL MODES 
Three different control modes are considered in this work: Linear damping, Causal, and MPC. These 

control strategies are implemented ion the real-time target machine, Speedgoat. 

For linear damping control mode, the PTO is assumed to be linear damper system. This mode uses 

velocity feedback, and provide a force demand by multiplying linear damping value into the PTO. A 

damping value is constant and continuous value, which can be controlled on the front panel. 

Causal control uses both position and velocity feedback signals, and provides a force demand signal 

into the PTO. Optimal tuning parameters needs to be set for different wave conditions.  

MPC simply applies pre-determined PTO force-demand, which is optimized using an offline MPC 

optimization. For this purpose, wave information from wave gauge aligned with the device is needed 

in advance. In experiment, the optimized force time series is synchronized using the wave-maker 

trigger signal. 
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8 EXPERIMENTAL RESULTS AND VALIDATION 

8.1 NOMENCLATURE 
 

Table 12. Nomenclature of all variables and constant 

 
Symbol Unit 

Displaced mass M kg 

Added mass Ma kg 

Radiation damping B N/(m/s) 

Viscous damping Bvis N/(m/s) 

Total damping BT=B+Bvis N/(m/s) 

Hydrostatic stiffness KP N/m 

Damping ratio   - 

Logarithmic decrement   - 

Damped natural period Td sec 

Damped natural frequency ωd Rad/s 

Natural frequency ωn Rad/s 

Wave number k m-1 

Water density ρ Kg/m3 

Drag coefficient CD - 

Water-plane area of the buoy A m2 

Wave amplitude a m 

Group velocity Vg m/s 

Wave-excitation force Fexc N 
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8.2 NUMERICAL RESULTS 
The first step for determining hydrodynamic performance of the device is to obtain the 

hydrodynamic coefficients including; added mass Ma, radiation damping B, and wave-excitation 

force Fexc.  The numerical hydrodynamic coefficients for given geometrical properties of the buoy in 

full scale were computed by WAMIT, which is plotted in Figure 16. 

 

Figure 16. Hydrodynamic coefficients in model-scale from full-scale WAMIT analysis. 

8.3 FREE-DECAY TEST 
The oscillation of the buoy gradually decreases to its steady-state position after releasing from a 

certain initial displacement, which shows a typical underdamped mechanical system. The decaying 

period reveals the natural resonance frequency of the device using the logarithmic decrement 

method. 

The damped mechanical system typically has the following form: 

020 2  xxxxKxBxM nnp    

where M, B and Kp are mass, damping and spring coefficient, respectively. Also,   and 
n  are the 

damping ratio and the natural frequency: 
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where 
d represents the damped natural frequency.  

In addition, the logarithmic decrement  is obtained from the successive peaks and related to the 

damping ratio: 
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Thus, the natural frequency is obtained from the oscillation data of the device over time as shown in 

Figure 17.  With the use of the added mass coefficients from WAMIT, the spring stiffness and 

damping value considering a linear-viscous damping term in real fluid were deduced:   

)()( 2

anpapn MMKMMK    

)(2 anvisT MMBBB    

 

Figure 17. Time history of the buoy position after initial position 

A summary of the free-decay test results is listed in Table 13. Initially, a linear drag or viscous 

damping value was assumed as follows: 

ACB Dvis  5.0  

where CD = 0.5, ρ = 1025 kg/m3, and A is the water-plane area. 

 It turns out that the measured resonance frequency matches well with prediction, and measured 

linear viscous damping value is close to the prediction.  
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Table 13. Summary of free-decay test results 

 

Full-scale 

(WAMIT) 

Model-scale 

(WAMIT) 

Model-scale 

(Experiment) 

Natural resonance period (s) 4.5 0.9 0.88 

Natural resonance frequency (rad/s) 1.40 7.0 7.17 

Displaced mass, M (kg) 233781.62 14.96 14.96 

Added mass at resonance freq., Ma (kg) 210100 13.45  

Hydrostatic restoring stiffness, Kp (N/m) 899275.7 1438.8 1460.1 

Radiation damping at resonance freq., B 

(N/(m/s)) 
111801.5 35.78  

Total damping including viscous effects, 

BT=B+Bvis 
- - 47.97 

Linear-viscous damping, Bvis 24352.25 7.79 12.19 

8.4 WAVE-EXCITATION FORCE  
With a fixed position of the buoy, measured wave-excitation force was measured and compared to 

the WAMIT results as a function of incident-wave period in full scale, which is shown in Figure 18. 

Measurements match well with predictions.  

The Haskind’s relation represents reciprocity relation between wave-excitation force and damping: 

2/1
4









 B

k

gV
aF

g

exc


 

where a is the incident-wave amplitude, Vg is the group velocity, k is the wave number, and B is the 

radiation damping.  

The computed wave-excitation force from the Haskind’s relation has the same results with 

numerical results. Thus, it proves that the radiation damping between the prediction and the 

experiment agrees well.   
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Figure 18. Wave-excitation force comparison 

8.5 POWER PERFORMANCE IN REGULAR WAVES 

8.5.1 PTO force control 

Reaction force of the PTO affects the motion response of the buoy to incident waves as well as 

power extraction. Thus, the PTO force was controlled during the test to investigate the motion 

response and power extraction performance. With use of the permanent magnet linear motor as the 

PTO, internal PI algorithm of LinMot drive was used for the force control loop. The purpose of the 

force control loop is to match actual force to desired force demand. PI gains are adjustable on the 

motor drive, and set to P=0.1 and I=2 for experiments. A schematic of the PTO force control loop is 

illustrated in Figure 19. 

 

Figure 19.Schematic of PTO control loop  
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8.5.2 Power extraction performance results 

A) TEST CAMPAIGN I 

During Test Campaign I, a few performance tests performed to verify operation of the device in 

different control modes. In testing with linear damping control mode, two things were observed: (1) 

increasing motion response with increasing PTO damping shown in Figure 20; (2) time delay in force 

feedback from force input shown in Figure 21.  

It is expected that motion response decreases with increasing PTO damping because PTO force 

applies against motion velocity. It turns out that force input direction of the PTO was wrong during 

the testing, thus feeding power into waves not extracting power from waves. The time delay 

between force input to the PTO and feedback from load cell was also observed in MPC mode trials, 

which can be found in Figure 22, as an example of T = 11 sec (2.2 sec in model scale). In addition, 

measured motion response and absorbed power lag simulation results when compared in time 

domain as shown in Figure 23 to Figure 25. However, experimental results have a similar amplitude 

with simulation results, so measured time-averaged power extraction agrees with simulation as 

shown in Figure 26. The time delay issue on feedback signal was resolved by updating IO module 

driver of the Speedgoat after Test Campaign I was complete.  

 

 

Figure 20. Time history of motion response with different linear damping values – Test Campaign I 

300 kNs/m 400 kNs/m 500 kNs/m 
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Figure 21. Time history of PTO force between input and feedback with linear damping – Test Campaign I 

 

Figure 22. Time history of PTO force between input and feedback with MPC– Test Campaign I 
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Figure 23. Time history of displacement between simulation and measurement with MPC- Test Campaign I 

 

Figure 24. Time history of velocity between simulation and measurement with MPC – Test Campaign I 
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Figure 25. Time history of absorbed power between simulation and measurement with MPC – Test Campaign I 

 

 

Figure 26. Time-averaged power performance with MPC – Test Campaign I 
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B) TEST CAMPAIGN II 

By fixing the force input direction of the PTO and updating the hardware driver of the target 

machine, the issues observed in Test Campaign I disappeared. The heave response amplitude of 

operator (RAO), amplitude of motion response with respect to amplitude of incident wave, 

decreases with increasing PTO damping value, as shown in Figure 27. The phase shift between force 

input to PTO and feedback from load cell is significantly reduced and is negligible, which is shown in 

Figure 28.  

Each frequency has a different optimal PTO damping at which maximum power is captured. By 

sweeping different PTO damping values for given frequencies, an optimal linear damping was found 

as shown in Figure 29. As an example of T = 9 sec, Figure 30 shows instantaneous power, applied 

PTO force, and motion responses with the optimal damping value of 1200 kN/(m/s) in time domain.  

In addition, time histories of performance for causal control and MPC are plotted in Figure 31 and 

Figure 32. 

As a summary of this Test Campaign II, time-averaged power absorption for 1m incident-wave height 

as a function of frequency with different control methods is plotted in Figure 33. Obviously, the 

causal control and MPC improve performance of the power capture when compared to the constant 

linear damping control. For the simulation results, an actual wave data measured from wave gauge 

was used not to overestimate performance with ideal sinusoidal waves. Overall trends between 

experiment and simulation agree for all control modes, but fine tuning of developed numerical 

model is needed for better matching with experimental results. 

 

 

Figure 27. Heave response amplitude of operator for different linear damping - Test Campaign II 
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Figure 28. Time history of PTO force between input and feedback with linear damping - Test Campaign II 

 

 

Figure 29. Linear damping optimization - Test Campaign II 
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Figure 30. Performance with linear damping in time series - Test Campaign II 

 

Figure 31. Performance with causal control in time series - Test Campaign II 
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Figure 32. Performance with MPC in time series - Test Campaign II 

 

Figure 33. Time-averaged power performance - Test Campaign II 
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C) TEST CAMPAIGN III 

The Test Campaign III repeated previous test matrix, but with tuned numerical model parameters, to 

verify the performance improvement by causal control and MPC than that of linear damping control. 

Figure 34 shows searching of the optimal damping at each frequency, and compares with predicted 

power computed by simulation. A found optimal linear damping from experimental results has the 

same with one from simulation results as well as time-averaged power value.  Absorbed power, PTO 

force, and motion responses in time domain for three different control methods are plotted in 

Figure 36 to Figure 38, which is at 11 sec wave periods. For the MPC, measurements and simulation 

results for selected periods are compared through Figure 39 to Figure 42. It shows good agreement 

between them, even in latching-like velocity behavior.  

Figure 43 presents time-averaged power as a function of frequency. At a glance, causal control and 

MPC improve performance in power extraction, especially 9 sec wave periods onward. The causal 

control and MPC lead to maximum 3-fold and 5-fold power performance respectively when 

compared to the optimal linear damping control. Figure 44 is the heave response amplitude of 

operator (RAO) in the same way with power comparison. It is consistent with power performance 

results, and can explain power improvement by the causal control and MPC. 

 

 

Figure 34. Linear damping optimization - Test Campaign III 
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Figure 35. Optimal linear damping for each wave period 

 

 

Figure 36. Performance for linear damping in time series - Test Campaign III 
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Figure 37. Performance for causal control in time series - Test Campaign III 

 

Figure 38. Performance for linear MPC in time series - Test Campaign III 
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Figure 39. Position comparison between simulation and experiment with MPC – Test Campaign III 

 

Figure 40. Velocity comparison between simulation and experiment with MPC - Test Campaign III 
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Figure 41. PTO force comparison between simulation and experiment with MPC - Test Campaign III 

 

Figure 42. Power comparison between simulation and experiment with MPC - Test Campaign III 
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Figure 43. Time-averaged power performance -  Test Campaign III 

 

Figure 44. Heave response amplitude of operator - Test Campaign III 
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In order to confirm the power performance improvement brought by the MPC, tests were also 

performed in irregular waves. For this purpose, a JONSWAP spectrum with significant wave height of 

1m and peak period of 11s in full scale was used. An optimal damping of 1013600 Ns/m was found 

from simulation study for linear damping control, and performance for certain time window is 

plotted in Figure 45. In the same way, performance controlled by MPC can be found in Figure 46. 

Those results indicate the MPC significantly improves absorbed power by factor of about 4; 

measured mean power absorption for [100s, 2500s] is about 10kW by linear damping control and 

38kW by MPC. 

 

  

  

Figure 45. Performance with optimal linear damping in irregular waves 
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Figure 46. Performance with MPC in irregular waves 
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APPENDIX A: SPECIFICATIONS – MOTOR  

1. PS01-37x120C 

 

2. B1100-GP drive 
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3. LinMot-Talk 

 

4. Pinout for position measurement – LT61QD 
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APPENDIX B: SPECIFICATIONS – SENSOR 

1. LSB200 load cell (S/N 660406) 

 

2. Wiring color code  
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APPENDIX C: SPECIFICATIONS –SPEEDGOAT 

 

1. Real-time target machine 
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2. IO 102 module 
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APPENDIX D: INSTRUMENTATION WIRING 
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APPENDIX F: LINMOT-TALK SETTING 

1) Motor Wizard 

Step 5/9; Additional Load Mass 1308 g 

Step 7/9; Speed: 0.01 m/s, Mode: Actual Position 

Step 8/9; Distance A: 750 mm 

Step 9/9; HP: 0 mm, IP: 0 mm 

 

2) Force feedback control setting 

Project tree window: Parameters > Motion control SW > Protected Technology Functions > Analog 

Force Feedback Control 

> Input Selection: Analog Input On X14.20 

> Analog Force Feedback Config 

0 V: -183.7 N (negative) 

10 V: 157.8 N (positive) 

Note: values are from calibration slope, but it should be tuned to have zero measured force at 

neutral position. (To check measured force, go to the Project tree windows: Variables > MC SW 

Force Control) 

> Force Control Parameters 

P Gain: 0.2 A/N 

I Gain: 2 A/(N*s) 

 

3) Command table setting (X14.16) 

Entry ID: 10 

Motion Command Type: VAI Go To Pos With Higher Force Ctrl Limit and Target Force 

Target Position: -20 mm 

Max. Velocity: 0.01 m/s 

Acceleration: 0.1 m/s^2 

Force Limit: -0.9 N 

Target Force: -1 N 
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4) Encoder setting for position (LT61QD) 

Running a IS2 program after connecting a RS232 cable between the encoder and PC. 

Output type: +/- 10 V 

Output reading range: +/- 3000 (During the TEST III, it is changed to +/- 300 with 100 um resolution 

value of encoder simulation in LinMot-talk) 

 

5) Force control operating 

After homing the motor (check both 0. Switch on and 11. Home) first, uncheck the 11. Home of 

override value side. 

After that, check both X14.16 in IO panel. If the motor is now in force control mode, the 9. Special 

Motion Active in Status window indicates on (1).  
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APPENDIX G: TEST RUNS 

1) TEST CAMPAIGN I 

Full Scale Input 

Run# Wave Height (m) Wave Period (s) Comments 

20 1 5 Excitation Test 

21 1 7 Excitation Test 

22 1 9 Excitation Test 

23 1 11 Excitation Test 

24 1 13 Excitation Test 

25 1 15 Excitation Test 

26 1 17 Excitation Test 

27 1 11 Excitation Test 

28 1 5 Excitation Test 

30   Free-Decay Test 

40 1 9 Linear Damping 

41 1 7 Linear Damping 

42 1 11 Linear Damping 

52 1 11 MPC 

53 1 13 MPC 

54 1 15 MPC 

55 1 17 

 

MPC 

 

2) TEST CAMPAIGN II 

Full Scale Input 

Run# Wave Height (m) Wave Period (s) Linear Damping 

(Ns/m) 

Comments 

703 1 5 100000 Linear Damp. 

704 1 5 200000 Linear Damp. 

705 1 5 300000 Linear Damp. 

706 1 5 400000 Linear Damp. 

707 1 5 500000 Linear Damp. 

708 1 7 300000 Linear Damp. 
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709 1 7 400000 Linear Damp. 

710 1 7 500000 Linear Damp. 

711 1 7 600000 Linear Damp. 

712 1 7 1000000 Linear Damp. 

713 1 9 700000 Linear Damp. 

714 1 9 800000 Linear Damp. 

715 1 9 900000 Linear Damp. 

716 1 9 1000000 Linear Damp. 

717 1 9 1100000 Linear Damp. 

718 1 11 1100000 Linear Damp. 

719 1 11 1200000 Linear Damp. 

720 1 11 1300000 Linear Damp. 

721 1 11 1400000 Linear Damp. 

722 1 13 1500000 Linear Damp. 

723 1 13 1400000 Linear Damp. 

724 1 13 1300000 Linear Damp. 

725 1 13 1200000 Linear Damp. 

726 1 15 1700000 Linear Damp. 

727 1 15 1800000 Linear Damp. 

728 1 15 1900000 Linear Damp. 

729 1 17 2000000 Linear Damp. 

730 1 17 2100000 Linear Damp. 

731 1 17 2200000 Linear Damp. 

732 1 7 700000 Linear Damp. 

733 1 7 800000 Linear Damp. 

734 1 9 1200000 Linear Damp. 

735 1 11 1500000 Linear Damp. 

736 1 13 1100000 Linear Damp. 

737 1 15 1600000 Linear Damp. 

738 1 15 2000000 Linear Damp. 

739 1 15 2100000 Linear Damp. 

740 1 15 2200000 Linear Damp. 

741 1 13 1600000 Linear Damp. 
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742 1 5 1000000 Linear Damp. 

743 1 11 1000000 Linear Damp. 

744 1 13 1000000 Linear Damp. 

745 1 15 1000000 Linear Damp. 

746 1 17 1000000 Linear Damp. 

802 1 5  Causal control 

803 1 7  Causal control 

804 1 9  Causal control 

805 1 11  Causal control 

806 1 13  Causal control 

807 1 15  Causal control 

808 1 17  Causal control 

900 1 11  Linear MPC 

901 1 13  Linear MPC 

902 1 13  Linear MPC 

903 1 15  Linear MPC 

904 1 17  Linear MPC 

905 1 5  Linear MPC 

906 1 7  Linear MPC 

907 1 9  Linear MPC 

908 1 11  Linear MPC 

910 1 7  Uni-MPC 

911 1 9  Uni-MPC 

912 1 11  Uni-MPC 

913 1 13  Uni-MPC 

914 1 15  Uni-MPC 

915 1 17  Uni-MPC 

916 1 5  Uni-MPC 

920 1 7  Uni-MPC (Neg) 

921 1 9  Uni-MPC (Neg) 

922 1 11  Uni-MPC (Neg) 

923 1 13  Uni-MPC (Neg) 

924 1 15  Uni-MPC (Neg) 
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925 1 17  Uni-MPC (Neg) 

926 1 5  Uni-MPC (Neg) 

930 1 7  Nonlinear (opt2) 

931 1 9  Nonlinear (opt2) 

932 1 11  Nonlinear (opt2) 

933 1 13  Nonlinear (opt2) 

934 1 15  Nonlinear (opt2) 

935 1 5  Nonlinear (opt2) 

940 1 7  Nonlinear (opt4)  

941 1 9  Nonlinear (opt4) 

942 1 11  Nonlinear (opt4) 

943 1 5  Nonlinear (opt4) 

944 1 7  Nonlinear (opt4) 

945 1 9  Nonlinear (opt4) 

946 1 11  Nonlinear (opt4) 

947 1 13  Nonlinear (opt4) 

948 1 15  Nonlinear (opt4) 

 

3) TEST CAMPAIGN III 

Full Scale Input 

Run# Wave Height (m) Wave Period (s) Damping (Ns/m) Comments 

H=1m 
    

6026 1 5 150000 Linear Damp. 

6000 1 5 200000 Linear Damp. 

6036 1 5 238476 Linear Damp. 

6034 1 5 250000 Linear Damp. 

6035 1 5 300000 Linear Damp. 

6061 1 6 402436 Linear Damp. 

6037 1 7 400000 Linear Damp. 

6001 1 7 500000 Linear Damp. 

6038 1 7 569476 Linear Damp. 

6039 1 7 600000 Linear Damp. 
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6040 1 7 700000 Linear Damp. 

6062 1 8 749936 Linear Damp. 

6041 1 9 800000 Linear Damp. 

6002 1 9 900000 Linear Damp. 

6042 1 9 940976 Linear Damp. 

6043 1 9 1000000 Linear Damp. 

6044 1 9 1100000 Linear Damp. 

6063 1 10 1117436 Linear Damp. 

6045 1 11 1100000 Linear Damp. 

6046 1 11 1200000 Linear Damp. 

6003 1 11 1300000 Linear Damp. 

6047 1 11 1400000 Linear Damp. 

6048 1 11 1500000 Linear Damp. 

6064 1 12 1482436 Linear Damp. 

6049 1 13 1550000 Linear Damp. 

6004 1 13 1600000 Linear Damp. 

6050 1 13 1650976 Linear Damp. 

6051 1 13 1700000 Linear Damp. 

6052 1 13 1750000 Linear Damp. 

6065 1 14 1824936 Linear Damp. 

6053 1 15 1900000 Linear Damp. 

6054 1 15 1950000 Linear Damp. 

6005 1 15 2000000 Linear Damp. 

6055 1 15 2050000 Linear Damp. 

6056 1 15 2100000 Linear Damp. 

6066 1 16 2136936 Linear Damp. 

6057 1 17 1950000 Linear Damp. 

6006 1 17 2000000 Linear Damp. 

6058 1 17 2312476 Linear Damp. 

6059 1 17 2500000 Linear Damp. 

6060 1 17 2550000 Linear Damp. 

H=2m 
    

6007 2 5 2000000 Linear Damp. 
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6008 2 7 500000 Linear Damp. 

6009 2 9 900000 Linear Damp. 

6010 2 11 1300000 Linear Damp. 

6011 2 13 1600000 Linear Damp. 

6012 2 15 2000000 Linear Damp. 

6019 1 5 
 

Linear MPC 

6073 1 6 
 

Linear MPC 

6020 1 7 
 

Linear MPC 

6074 1 8 
 

Linear MPC 

6014 1 9 
 

Linear MPC 

6075 1 10 
 

Linear MPC 

6015 1 11 
 

Linear MPC 

6076 1 12 
 

Linear MPC 

6016 1 13 
 

Linear MPC 

6077 1 14 
 

Linear MPC 

6017 1 15 
 

Linear MPC 

6078 1 16 
 

Linear MPC 

6018 1 17 
 

Linear MPC 

6019 1 5 
 

Linear MPC (re-run sim.) 

6020 1 7 
 

Linear MPC (re-run sim.) 

6014 1 9 
 

Linear MPC (re-run sim.) 

6015 1 11 
 

Linear MPC (re-run sim.) 

6016 1 13 
 

Linear MPC (re-run sim.) 

6017 1 15 
 

Linear MPC (re-run sim.) 

6018 1 17 
 

Linear MPC (re-run sim.) 

6019 1 5 
 

Linear MPC (re-run sim.) 

6020 1 7 
 

Linear MPC (re-run sim.) 

6014 1 9 
 

Linear MPC (re-run sim.) 

6015 1 11 
 

Linear MPC (re-run sim.) 

6016 1 13 
 

Linear MPC (re-run sim.) 

6017 1 15 
 

Linear MPC (re-run sim.) 

6018 1 17 
 

Linear MPC (re-run sim.) 

6086 1 5 
 

Linear MPC (Uni-Pos) 
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6087 1 7 
 

Linear MPC (Uni-Pos) 

6088 1 9 
 

Linear MPC (Uni-Pos) 

6089 1 11 
 

Linear MPC (Uni-Pos) 

6090 1 13 
 

Linear MPC (Uni-Pos) 

6091 1 15 
 

Linear MPC (Uni-Pos) 

6092 1 17 
 

Linear MPC (Uni-Pos) 

6079 1 5 
 

Nonlinear MPC (opt 4) 

6080 1 7 
 

Nonlinear MPC (opt 4) 

6081 1 9 
 

Nonlinear MPC (opt 4) 

6082 1 11 
 

Nonlinear MPC (opt 4) 

6083 1 13 
 

Nonlinear MPC (opt 4) 

6084 1 15 
 

Nonlinear MPC (opt 4) 

6085 1 17 
 

Nonlinear MPC (opt 4) 

6093 1 5 
 

Nonlinear MPC (opt 2) 

6094 1 7 
 

Nonlinear MPC (opt 2) 

6095 1 9 
 

Nonlinear MPC (opt 2) 

6096 1 11 
 

Nonlinear MPC (opt 2) 

6097 1 13 
 

Nonlinear MPC (opt 2) 

6098 1 15 
 

Nonlinear MPC (opt 2) 

6099 1 17 
 

Nonlinear MPC (opt 2) 

6068 1 5 α=4, γ=1e2 Causal (re-run) 

6028 1 7 α=1, γ=2e4 Causal 

6071 1 9 α=4, γ=1e2 Causal (re-run) 

6030 1 11 α=4, γ=1e2 Causal 

6031 1 13 α=2, γ=5e1 Causal 

6032 1 15 α=2, γ=5e1 Causal 

6033 1 17 α=2, γ=5e1 Causal 

6200 1 9 756600 Irregular (Lin. Damping) 

6201 1 11 1013600 Irregular (Lin. Damping) 

6205 1 9 
 

Irregular (Linear MPC) 

6206 1 11 
 

Irregular (Linear MPC) 

 


