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Outline

2

Intro to uncertainty analysis in experimental testing

Define metrics of interest and nonlinearities

Present case study WEC and tank

Discuss & quantify sources of uncertainty

Results on wave power uncertainty

Conclusions and future work



Uncertainty Background
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Coleman, H. W., & Steele, W. G. (2009). 
Experimentation, Validation, and Uncertainty Analysis 
for Engineers (3rd ed.). John Wiley & Sons, Inc.

Presenter Notes
Presentation Notes
Uncertainty analysis is important for understanding the confidence we have in our wave energy metrics and evaluating the performance in comparative studies.Current guidelines on uncertainty are specified in IEC 62600-103 on marine energy which references multiple ITTC guides including these two and the Coleman and Steele book.These give definitions of sources of uncertainty and how to propagate it to the final metrics of interest.



Uncertainty Background – Model 
Experiments
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Orphin et al. (2017-2021) – Oscillating Water Column

J. Orphin, J. Nader, and I. Penesis, “Uncertainty analysis of a WEC model test 
experiment,” Renew. Energy, vol. 168, pp. 216–233, 2021, doi: 
10.1016/j.renene.2020.12.037.

J. Orphin, “Uncertainty in Hydrodynamic Model Test Experiments of Wave Energy 
Converters,” Australian Maritime College, University of Tasmania, 2020.

J. Orphin, I. Penesis, and J.-R. Nader, “Uncertainty Analysis for a Wave Energy 
Converter: the Monte Carlo Method,” AWTEC 2018 Proc., pp. 1–10, 2018.

J. Orphin, J. Nader, I. Penesis, and D. Howe, “Experimental Uncertainty Analysis 
of an OWC Wave Energy Converter,” Eur. Wave Tidal Energy Conf., no. August, 
pp. 1–11, 2017.

• Example of wave gauge 
uncertainty

• ± 30% uncertainty in 
capture width ratio

• Demonstrated Monte 
Carlo Method

• General and detailed 
uncertainty analysis

Presenter Notes
Presentation Notes
If we specifically look at propagating uncertainty using experimental model testing, we have only found a handful so farThe ITTC Guidelines specifically for wave energy converters has an example for wave gauge uncertainty And Orphin et al. performed work on an oscillating water column which found +/- 30% uncertainty in capture width ratio and demonstrated the use of the Monte Carlo Method, and how WEC researchers can use General uncertainty analysis and detailed uncertainty analysis



Motivation

• Uncertainty analysis…
– Is expected by IEC standards
– Is important for confidence in performance metrics
– Has not been demonstrated on many WEC devices or 

testing tanks
– Lacks discussion of nonlinear effects
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Focus: How do wave nonlinearities affect the 
uncertainty of incident wave power? 
And thus, capture width?

Presenter Notes
Presentation Notes
The motivation for the work today is that uncertainty analysis is expected by IEC standards and is important for evaluating our confidence in the performance metrics measured in experimental testing.To the best of our knowledge…Experimental uncertainty analysis has not been demonstrated on many WEC devices or testing tanksAnd the literature lacks a discussion on nonlinear effects and how to propagate them through uncertainty methodsCLICKSo the focus of this work is to answer the question “How do wave nonlinearities affect the uncertainty of incident wave power? And thus capture width?



Capture Width
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𝐿𝐿 =
𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊

𝑃𝑃𝑊𝑊
=

𝑊𝑊𝑊𝑊𝑊𝑊 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑊𝑊𝑊𝑊𝑊𝑊𝑝𝑝 𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

𝑃𝑃𝑊𝑊 = 𝑊𝑊𝑐𝑐𝑔𝑔 = 𝑝𝑝𝑊𝑊𝑊𝑊𝑝𝑝 𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 ∗ 𝑒𝑒𝑝𝑝𝑝𝑝𝑓𝑓𝑝𝑝 𝑊𝑊𝑝𝑝𝑓𝑓𝑝𝑝𝑐𝑐𝑣𝑣𝑣𝑣𝑒𝑒

International Electrotechnical Commission. (2012). IEC/TS 62600-100, Marine energy – Wave, 
tidal and other water current converters – Part 100: Electricity producing wave energy converters –
Power performance assessment.

Presenter Notes
Presentation Notes
Capture width is a commonly reported metric in this field and required by the IEC specificationsIt is calculated by dividing the WEC power by the wave energy fluxThe wave energy flux is then calculated by multiplying the wave energy and the group velocityThis work focuses just on the uncertainty of the wave power



Incident Wave Energy Equations

Linear wave energy

𝑊𝑊 =
1
8
𝜌𝜌𝑒𝑒𝐻𝐻2 𝐽𝐽

𝑚𝑚2

7

wave height only

Presenter Notes
Presentation Notes
Lets look at how we calculate the incident wave energyThis linear wave energy equation may look familiar, it is mainly dependent on wave height



Incident Wave Energy Equations

Linear wave energy

𝑊𝑊 =
1
8
𝜌𝜌𝑒𝑒𝐻𝐻2 𝐽𝐽

𝑚𝑚2

8
Mohtat, A., Yim, S. C., & Osborne, A. R. (2022). Energy Content Characterization of Water Waves Using Linear and Nonlinear 
Spectral Analysis. Journal of Offshore Mechanics and Arctic Engineering, 144(1). https://doi.org/10.1115/1.4051860

wave height only

wave height, 
water depth, and 

wave period

Mohtat et al. derived the equations 
for nonlinear wave energy

𝑀𝑀𝑥𝑥 𝑇𝑇,ℎ and 𝐾𝐾𝑊𝑊𝑥𝑥 𝑇𝑇,ℎ

Presenter Notes
Presentation Notes
Mohtat et al. used the 5th order stokes equation for wave surface elevation and derived the potential and kinetic energy equations for the nonlinear energyEach of these M and KE coefficients has its own equation that depends on wave period and water depthMohtat et al. showed that nonlinear energy can be 7-8 times greater than the linear approximation in irregular waves and increases with increasing wave steepnessWe will be using these equations in our calculation of linear and nonlinear incident wave energy



Wave Nonlinearity

• Wave height and water depth
• Peakier peaks, shallower 

troughs
Skewness

• Wave components resonating 
and redistributing energy over 
the spectrum

Wave-wave 
interactions

• Wave height and wave length
• Steepness “leaning”Asymmetric
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Holthuijsen, Leo. H. (2007). Waves in Oceanic and 
Costal Waters. Cambridge University Press.

Presenter Notes
Presentation Notes
Where do nonlinearities come from in waves? There are many but here are the 3 we are focusing on: skewness, wave-wave interactions, and asymmetric.The first, skewness, is shown here in the image and is a wave with peakier peaks and shallower troughs.The second is for wave-wave interactions when wave components interact in resonance and redistribute energy from mid range frequencies primarily to lower frequencies as shown by the figure in the bottom right.The third, asymmetric, is a function of wave height and wave length, often referred to as steepness and makes a wave look like it is leaning one way until it breaks



Case Study WEC: 
Laboratory Upgrade Point 
Absorber (LUPA)

• Open-source
• Two-body point 

absorber
• Realtime PTO 

damping and 
stiffness control

• Moored 6 DOF
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3.8 m
1.0 m

Photo by Samantha Quinn

O.H. Hinsdale Wave 
Research Laboratory
Large Wave Flume
Oregon State University
Corvallis, OR, USA

Presenter Notes
Presentation Notes
The case study WEC used in this work is the Laboratory Upgrade Point Absorber (LUPA) for shortIt is an open-source two-body point absorberIt has a motor/generator on board with realtime PTO damping and stiffness controlsIt was moored in the large wave flume at the Hinsdale wave laboratory at Oregon state university



Wave Conditions

• Regular waves of varying degrees of 
nonlinearity

• Scaled from PacWave Test Site on 
Oregon Coast

• 3.7 m tank water depth
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Wave 
Period 
(s)

Wave 
Height 
(m)

Steepness 
(m/m)

2nd Order wave 
height percent of 
1st order (%)

1.75 0.15 0.099 4.9

2.35 0.15 0.055 2.8

2.35 0.05 0.018 0.9

1.75 0.10 0.066 3.3

Presenter Notes
Presentation Notes
The wave conditions we will be analyzing today are all regular waves but this testing included regular and irregular wavesThey are scaled off the conditions at the PacWave Test Site off the coast of OregonThe most linear wave is noted there in red with a wave height of 0.05m and a wave period of 2.35 seconds, and it lands in the linear wave theoryThe most nonlinear wave is noted in green, has the highest steepness, and in the stokes 2nd order region



Sources of Uncertainty

• Measurement uncertainty 
(Type A and Type B)
• Gravity
• Water density
• Wave gauges
• Pressure sensor for water 

depth
• Tank floor variations
• Wave maker consistency
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• Nonlinear effects
– Skewness
– Asymmetry 

(steepness)

Presenter Notes
Presentation Notes
Let’s talk about the two areas of uncertainty in this experimentThe first is measurement uncertainty which is present in any scientific study and has 2 types within it which I get into laterGravity and water density have standard uniform distributions of uncertainty given by the ITTC guidelines and vary due to location and temperatureThe wave gauges measure the wave elevation at the location that LUPA will be deployedThe pressure sensor measures the water depth and calibrates the wave gaugesThe tank floor itself is not completely uniform which affects the water depthAnd the wave maker consistency affects the wave height and period repetitionsThe second area is caused by uncertainty of nonlinearitiesThese are skewness and asymmetry which cause the energy in the waves to vary from the linear assumption



Monte Carlo Method

13

J. Orphin, “Uncertainty in Hydrodynamic Model Test Experiments of Wave 
Energy Converters,” Australian Maritime College, University of Tasmania, 2020.

Repeat 3000+ times

Presenter Notes
Presentation Notes
I am borrowing this figure from Orphin which shows the quantities of interest for calculating linear wave powerWe take all the measurement sources of uncertainty and we combine them through a monte carlo simulationEach parameter has uncertainty incorporated by randomly sampling from its error distributionsThe uncertainty in the wave power is realized by the standard deviation of the 3000 monte carlo runs



Measurement Uncertainty

Type A: statistical
“variability in repetition”
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𝑓𝑓𝐴𝐴 =
𝜎𝜎
𝑒𝑒

𝜎𝜎 = 𝑠𝑠𝑣𝑣𝑊𝑊𝑒𝑒𝑠𝑠𝑊𝑊𝑝𝑝𝑠𝑠 𝑠𝑠𝑝𝑝𝑊𝑊𝑣𝑣𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒
𝑒𝑒 = 𝑒𝑒𝑓𝑓𝑚𝑚𝑛𝑛𝑝𝑝𝑝𝑝 𝑝𝑝𝑓𝑓 𝑝𝑝𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒𝑠𝑠

ITTC 𝑒𝑒 > 10

Presenter Notes
Presentation Notes
So how do we get the error distributions for each parameter?There are 2 types of measurement uncertainty: type A and type BType A is the statistical uncertainty to due natural variation in repetitionIt is found from the standard deviation over the square root of the number of observations



Measurement Uncertainty

Type A: statistical
“variability in repetition”

15

Example: Wave height from gauge
• Desired wave:

– H = 0.15 m
– T = 1.75 s

• 10 trials, >20 regular waves each
• Nominal measured: 

– H = 0.13 m
– T = 1.75 s

• ±2 𝑚𝑚𝑚𝑚 observed wave heights

𝑓𝑓𝐴𝐴 𝐻𝐻 = ±0.23 𝑚𝑚𝑚𝑚 (0.18%)
Normally distributed

𝑓𝑓𝐴𝐴 =
𝜎𝜎
𝑒𝑒

𝜎𝜎 = 𝑠𝑠𝑣𝑣𝑊𝑊𝑒𝑒𝑠𝑠𝑊𝑊𝑝𝑝𝑠𝑠 𝑠𝑠𝑝𝑝𝑊𝑊𝑣𝑣𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒
𝑒𝑒 = 𝑒𝑒𝑓𝑓𝑚𝑚𝑛𝑛𝑝𝑝𝑝𝑝 𝑝𝑝𝑓𝑓 𝑝𝑝𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒𝑠𝑠

ITTC 𝑒𝑒 > 10

Presenter Notes
Presentation Notes
Lets look at an example…



Measurement Uncertainty
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Type B: epistemic
“lack of information”

𝑓𝑓𝐵𝐵 =
𝑒𝑒𝑗𝑗 − �𝑒𝑒𝑗𝑗

2

𝑀𝑀 − 2

𝑒𝑒𝑗𝑗 − �𝑒𝑒𝑗𝑗 = difference between measured and fitted value
𝑀𝑀 = 𝑒𝑒𝑓𝑓𝑚𝑚𝑛𝑛𝑝𝑝𝑝𝑝 𝑝𝑝𝑓𝑓 𝑐𝑐𝑊𝑊𝑓𝑓𝑣𝑣𝑛𝑛𝑝𝑝𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒 𝑝𝑝𝑝𝑝𝑣𝑣𝑒𝑒𝑣𝑣𝑠𝑠

Presenter Notes
Presentation Notes
Type B is called epistemic and is due to a lack of information.It can be found many ways, through manufacturer’s specificationsOr another way being by the error in the calibration as shown here



Measurement Uncertainty
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Type B: epistemic
“lack of information”

𝑓𝑓𝐵𝐵 =
𝑒𝑒𝑗𝑗 − �𝑒𝑒𝑗𝑗

2

𝑀𝑀 − 2

𝑒𝑒𝑗𝑗 − �𝑒𝑒𝑗𝑗 = difference between measured and fitted value
𝑀𝑀 = 𝑒𝑒𝑓𝑓𝑚𝑚𝑛𝑛𝑝𝑝𝑝𝑝 𝑝𝑝𝑓𝑓 𝑐𝑐𝑊𝑊𝑓𝑓𝑣𝑣𝑛𝑛𝑝𝑝𝑊𝑊𝑣𝑣𝑣𝑣𝑝𝑝𝑒𝑒 𝑝𝑝𝑝𝑝𝑣𝑣𝑒𝑒𝑣𝑣𝑠𝑠

Example: Wave height from 
gauge
1. Calibrate wave gauge on 

tank fill and drains
2. Plot voltage vs pressure 

sensor water depth
3. Find error of linear fit
4. Combine type B wave gauge 

& pressure sensor

𝑓𝑓𝐵𝐵 𝐻𝐻 = ±0.21 𝑚𝑚𝑚𝑚 (0.16%)
Normally distributed

Presenter Notes
Presentation Notes
Here is an example for calibrating a wave gauge…Type B and Type A can be combined to form a “combined uncertainty”



Results
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Inputs Outputs

𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑠𝑠𝑠𝑠 = 𝜀𝜀(𝐻𝐻,𝑇𝑇, ℎ) =
𝜋𝜋𝐻𝐻

𝐿𝐿(𝑇𝑇,ℎ)

Presenter Notes
Presentation Notes
The x axis here shows the inputs and outputs to our wave power equation in the Monte Carlo ModelThe y axis shows the combined uncertainty as a percentThe colors here show different wave steepness to represent nonlinearityThe first two inputs, gravity and water density, have low uncertainty, less than 0.1%



Results
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Inputs Outputs

Presenter Notes
Presentation Notes
Water depth has about 0.3% uncertaintyAnd wave height uncertainty varies between 0.2 and 0.6%The uncertainty in wave height increases as steepness decreases. This is likely because lower wave heights have more signal to noise ratio



Results
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Inputs Outputs

Presenter Notes
Presentation Notes
The wave period has relatively low uncertainty around 0.2% because the wave maker is better at repeating periods more accurately than wave heights.The group velocity is a function of wave period, water depth, and gravity and is less than 0.4%.This makes wave height and water depth the most uncertain inputs



Results
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Inputs Outputs

Presenter Notes
Presentation Notes
E sub L is the linear wave energy estimationAnd E sub NL is the nonlinear wave energy estimationThey have nearly the same uncertaintyUncertainty increases as steepness decreases



Results
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Inputs Outputs

Presenter Notes
Presentation Notes
The linear and nonlinear wave power have the same trend as wellWith a maximum uncertainty in wave power of about 1.2 % at the least steep wave



Expanded Uncertainty

• 95% confidence 
interval

• Uncertainty in wave 
power is ±1-2.3%

• Orphin et al.  ~7%

23

Presenter Notes
Presentation Notes
The final step in uncertainty analysis is to find the “expanded uncertainty” applying a 95% confidence intervalThese results show linear and nonlinear power estimations to have similar uncertainty and range from 1-2.3%This is slightly better than other literature that found regular wave power uncertainty to be about 7%. (Jarrah thesis)



Large Wave Steepness

• Nonlinear energy and 
power uncertainty slightly 
greater than linear

• Higher order nonlinear 
terms have greater effect 
at large steepness

24

Presenter Notes
Presentation Notes
Now I use the monte carlo model to find the uncertainty of a large wave steepness we did not test in the tankThis plot shows the combined uncertainty of the monte carlo outputsThe steepness parameter has the greatest uncertainty because wave height, period, and depth are propagated through The nonlinear energy and power have slightly greater uncertainty than the linear estimationbut overall the uncertainty is still under 0.5%The higher order nonlinear terms in the stokes expansion have a greater effect on the power estimation when steepness is large



Large Wave Steepness

• Calculated wave power 
uncertainty 11%
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𝑃𝑃𝐿𝐿 = 107
𝑊𝑊
𝑚𝑚

𝑃𝑃𝑁𝑁𝐿𝐿 = 95
𝑊𝑊
𝑚𝑚

Presenter Notes
Presentation Notes
Another important point to make is how the calculated wave power changes when the energy is found by integrating over depth and wave periodThe nonlinear power estimation is 95 W/m, but the linear one is 107 W/mAt this wave condition, that is 11%.So the power in the wave is being over estimated with the linear assumption



Conclusions
1. For this experiment, wave 

power uncertainty was 
below 3%

2. High wave steepness (>0.2) 
has slightly more 
uncertainty in nonlinear 
estimation

3. Linear estimation 
overestimates regular wave 
power by 11%
– Capture width is then 

underestimated in linear 
assumption

26

Presenter Notes
Presentation Notes
Wave power expanded uncertainty was below 3% for all conditions testedWave steepness greater than 0.2 causes slightly more uncertainty in the nonlinear power estimationFor one of the conditions modeled, the linear estimation overestimates regular wave power by 11%This would then cause the capture width to be underestimated with a linear assumptionFuture work includes…



Conclusions
1. For this experiment, wave 

power uncertainty was 
below 3%

2. High wave steepness (>0.2) 
has slightly more 
uncertainty in nonlinear 
estimation

3. Linear estimation 
overestimates regular wave 
power by 11%
– Capture width is then 

underestimated in linear 
assumption

27

Future Work
• Steeper wave 

experiments to find type A 
• Irregular wave analysis
• Uncertainty analysis of 

WEC power for full 
capture width analysis

• Temperature 
dependencies on WEC 
power uncertainty

Presenter Notes
Presentation Notes
Future work includes…



Courtney Beringer
beringec@oregonstate.edu

FundingSpecial thanks to Jarrah Orphin (uncertainty 
guidance) and Tim Maddux (wave lab researcher)

Presenter Notes
Presentation Notes
Thank you for the National Science Foundation Graduate Research Fellowship and TEAMER for funding this workAnd I would happily take questions now



Extra slides



Discussion

• Low wave steepness has the same uncertainty in 
linear and nonlinear wave power

• For high wave steepness uncertainty is higher in 
nonlinear wave power estimation

30

𝑃𝑃𝐿𝐿 = 𝑊𝑊 𝐻𝐻 ∗ 𝑐𝑐𝑔𝑔 𝑇𝑇,ℎ
𝑃𝑃𝑁𝑁𝐿𝐿 = 𝑊𝑊 𝐻𝐻,𝑇𝑇,ℎ ∗ 𝑐𝑐𝑔𝑔 𝑇𝑇,ℎ

𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑠𝑠𝑠𝑠 = 𝜀𝜀(𝐻𝐻,𝑇𝑇, ℎ) =
𝜋𝜋𝐻𝐻

𝐿𝐿(𝑇𝑇, ℎ)

Presenter Notes
Presentation Notes
For low wave steepness uncertainty between linear and nonlinear wave power is similar because the uncertainty in wave period and depth are so small and the higher order nonlinear components are smallThese equations help show that if uncertainty in period and height are small, the nonlinear Energy would match the uncertainty of the linear energyBut for high wave steepness uncertainty is higher in nonlinear wave power estimation. This is due to the higher order terms becoming stronger and dependent on steepness squared which has high uncertaintyIt is important to note that the large wave steepness example was based on an average type A uncertainty from the measured wave conditions, it is missing the uncertainty due to repeatability for this specific high wave steepness condition.Further experiments with even higher wave steepness are needed to understand the statistical uncertainty in wave heights and periods



Large Steepness

• High wave 
steepness >0.2 has 
more uncertainty 
in nonlinear 
estimation
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