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1. PURPOSE OF THIS GUIDELINE 

The purpose of the guideline is to provide 
guidance on the application of uncertainty anal-
ysis to the model scale testing of offshore wind 
turbines following the ITTC Procedure 7.5-02-
07-03.8, “Model Tests for Offshore Wind Tur-
bines”.  The model scale testing of offshore 
wind turbines focuses on the environmental 
loads and global response of the structure, simi-
lar to the testing of other offshore structures 
(floating or fixed).  

The uncertainty analysis should be performed 
following the ITTC Procedures 7.5-02-01-01, 
“Guide to the Expression of Uncertainty in Ex-
perimental Hydrodynamics” (ITTC 2014a), 7.5-
02-02-02, “General Guidelines for Uncertainty 
Analysis in Resistance Tests” (ITTC 2014b), 
and 7.5-02-01-07, "Guideline to Practical Im-
plementation of Uncertainty Analysis" (ITTC 
2017).  These guidelines are based on the com-
prehensive International Organization for 
Standardization (ISO) Guide to the Expression 
of Uncertainty in Measurement, also called 
JCGM (2008). The following procedure adapts 
the same notation and definitions as provided in 
ITTC Procedure 7.5-02-01-01 "Guide to Ex-
pression of Uncertainty in Experimental Hydro-
dynamics" (ITTC2014a).  

2. GENERAL GUIDE TO UNCER-
TAINTY ANALYSIS 

The aim of an uncertainty analysis is to pro-
vide a quantitative measure of how reliable (or 
to what level of precision) a measurement is. 
According to JCGM (2008) the uncertainty of 
measurement can be defined as the "parameter, 
associated with the result of a measurement, that 
characterizes the dispersion of the values that 

could reasonably be attributed to the measur-
and." Uncertainty should be differentiated from 
"error"- which relates to incorrectly setting up 
the experiment or analysis: doing a mistake.  

The uncertainties can be classified into three 
categories (JCGM, 2008): Standard uncertainty, 
combined standard uncertainty, and expanded 
uncertainty. A brief summary of the uncertainty 
classifications is provided below. 

2.1 Standard uncertainty 

The standard uncertainty (u) is the uncer-
tainty of the result of a measurement expressed 
in terms of a standard deviation. The standard 
uncertainty can be grouped into two types, type 
A and type B, where the type depends on the 
method for estimation of uncertainty. 

Type A: Uncertainty components obtained 
using a method based on statistical analysis of a 
series of observations. The standard uncertainty 
by type A for a series of n repeated samples (or 
observations) is estimated by 

𝑢𝑢(𝑞𝑞�) = 𝑠𝑠/√𝑛𝑛  (1) 

where s and 𝑞𝑞�  are the standard deviation and 
arithmetic mean, respectively, of the samples.   

Type B: Uncertainty component obtained by 
other means (other than statistical analysis). 
Prior experience and professional judgements 
are part of Type B uncertainties. 

2.2 Combined standard uncertainty 

If a measurement result y is obtained from N 
other measured quantities x1, x2, …, xN, then the 
standard uncertainty of the result is a combina-
tion of the standard uncertainties of the other 
quantities. This combined standard uncertainty 
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uc is given by the law of propagation of uncer-
tainty, i.e. for a measurement result 
y=f(x1,x2,…,xN), the combined standard uncer-
tainty is defined as  

𝑢𝑢𝑐𝑐2(𝑦𝑦) = ∑ 𝑐𝑐𝑖𝑖2𝑢𝑢2(𝑥𝑥𝑖𝑖) +𝑁𝑁
𝑖𝑖=1

2∑ ∑ 𝑐𝑐𝑖𝑖𝑐𝑐𝑗𝑗𝑢𝑢(𝑥𝑥𝑖𝑖)𝑢𝑢�𝑥𝑥𝑗𝑗�𝑟𝑟(𝑥𝑥𝑖𝑖, 𝑥𝑥𝑗𝑗)𝑁𝑁
𝑗𝑗=𝑖𝑖+1

𝑁𝑁−1
𝑖𝑖=1  (2) 

where the sensitivity coefficients 𝑐𝑐𝑖𝑖 = 𝜕𝜕𝑓𝑓/𝜕𝜕𝑥𝑥𝑖𝑖 
and 𝑐𝑐𝑗𝑗 = 𝜕𝜕𝑓𝑓/𝜕𝜕𝑥𝑥𝑗𝑗 determines how the measure-

ment result varies with changes in these quanti-
ties. Furthermore, r(xi,xj) is the correlation coef-
ficient and ranges between -1 and +1.  

If the input quantities xi and xj are uncorre-
lated, then r(xi,xj)=0 and the combined standard 
uncertainty equation (2) reduces to the first sum-
mation term only.  

 

Table 1: Uncertainty categories and sources 

Categories Sources Examples (related to all sources) 
Model Rotor nacelle assembly, tower and substruc-

ture 
Stationkeeping system (only floating) 
Foundation (only bottom-fixed) 
Numerical model (if applicable) 

Mass properties, geometry, 
structural elasticity 
Restoring forces 
"Soil" stiffness and damping 
Numerical approximation 

Model instal-
lation 

Ballasting and trimming (only floating) 
Positioning and alignment 

Reading of trimming 
 

Control sys-
tems and actu-
ators 

Variable speed control 
Blade pitch control 
Actuators 
Hybrid testing (if applicable) 

Tip-speed ratio 
Blade pitch angle 
 
Achievement of target aerody-
namic loads 

Measurement 
and data pro-
cessing 

Measurement sensors 
Test duration and realization of extreme events 
Data acquisition 
Postprocessing 

Accuracy 
 
Precision 
 

Environmen-
tal condition 
modelling 

Non-controlled physical properties 
Waves 
Wind 
Current 

Temperature, density, viscosity 
Wave spectra 
Wind spectra 
Current turbulence 

Initial test 
conditions 

Mooring lines (only floating) 
Time between two consecutive tests 

Mooring layout 
Remaining turbulence and fluid 
circulation 

Other Scaling effects Reynolds vs Froude scaling 
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2.3 Expanded uncertainty (U) 

The expanded uncertainty U=kuc(y) is intro-
duced to provide an interval about the measure-
ment result that may be expected to encompass 
a large fraction of the distribution of values that 
could reasonably be attributed to the measurand 
Y. The numerical value for the coverage factor k 
should be chosen so that the interval Y = y ± U 
corresponds to a particular level of confidence. 
This factor usually corresponds to 95% confi-
dence.  

For most hydrodynamic tank experiments, 
the Student t-distribution may be assumed for a 
small number of observations (cf. Figure 1 in 
ITTC, 2014a). For a large number of degrees of 
freedom (υ = n-1>30), the distribution may be 
assumed to be Gaussian with a coverage factor 
of k=1.960.   

3. SOURCES OF UNCERTAINTY FOR 
TESTING OWT  

A first step in uncertainty analysis is to iden-
tify all significant sources of uncertainty. The 
sources of uncertainty related to model testing 
of offshore wind turbines can be grouped into 
these main blocks: model, installation, control 
system and actuators, measurement and data 
processing, environmental condition modelling, 
and initial test conditions.  

In the following sections the various sources 
of uncertainties are discussed, and a summary is 
provided in Table 1. Unless specified, each 
source should be considered relevant both for 
fixed and floating offshore wind turbines. 

 

3.1 Model  

Uncertainty sources related to the model (the 
test object) are mainly a result of tolerances in 
manufacturing and deformation occurred after 
manufacturing (e.g. during installation and 
model testing). These steps create uncertainties 
in the model geometry, the inertial properties, 
and structural elasticity and damping. Further-
more, if numerical simulations are necessary in 
order to prepare or perform the experiments, 
there will be sources of uncertainties associated 
with the numerical model. 

Offshore wind turbines usually comprise of 
the following parts: The rotor and nacelle as-
sembly (RNA), tower, substructure (floating or 
bottom-fixed), stationkeeping system (floating) 
or sea-bed foundation (bottom-fixed). 

Uncertainty sources related to the model are 
outlined below.  

3.1.1 Rotor nacelle assembly and tower 

The rotor nacelle assembly (RNA) repre-
sents a considerable source of uncertainty (Rob-
ertson, 2017). The blade geometry, pitch setting, 
mass distribution, structural damping and stiff-
ness are the most significant sources. Manufac-
ture of a rotor with the correct mass properties 
and adequate stiffness can prove very challeng-
ing. The complexity of the blade geometry and 
its influence on the turbine loading represent a 
significant uncertainty in the measured loads 
from the definition of the RNA model.  

The tower stiffness, structural damping, 
mass distribution and its connection to the RNA 
and substructure represent other sources of un-
certainty. The tower is often connected to the 
RNA and substructure through load cells. This 
may add additional compliance to the system 
and is another source of uncertainty.   
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For a fully instrumented physical rotor 

model, it may also be difficult to achieve the 
scaled-down mass (Gueydon, 2016), especially 
for smaller model scales. This can be accounted 
for by shifting masses in the support structure to 
maintain the global moments of inertia and 
COG, but the mass distribution will not be main-
tained which is of importance for force measure-
ments and structural modes for elastic towers.  

3.1.2 Substructure 

Uncertainties in the substructure will come 
from the geometry, mass distribution and stiff-
ness properties. Distortion of geometry may af-
fect the displaced volume and waterplane area, 
both affecting the hydrostatic properties and hy-
drodynamic loading. Furthermore, the surface 
roughness and sharp/rounded corners/edges 
may affect viscous damping.  

Uncertainty in the mass distribution affects 
the inertia properties of the floater as well as the 
centre of mass. Stiffness properties of flexible 
members and joints may also be a source of un-
certainty.  

Small water absorption or deformation due 
to hydrostatic pressure can influence the model 
draught and mass distribution, being another 
source of uncertainty. 

3.1.3 Stationkeeping system 

The purpose of a stationkeeping system is to 
limit the horizontal excursions and maintain ori-
entation of floating wind turbines. The type of 
stationkeeping system depends on the type of 
floater, and typically it comprises of mooring 
lines and anchors, tendons anchored to sea bot-
tom, and/or active thrusters (DP-system). The 
latter is less relevant for offshore wind turbines. 

As for mooring lines and tendons it is im-
portant to maintain the correct line characteris-
tics. Uncertainties relates especially to the diffi-
culty to scale the axial stiffness (EA) distribu-
tion and the mass distribution in the same time 
(Qui et al., 2014). This often leads to partial or 
total replacement of original segments with ad-
ditional spring elements, and clump weights 
and/or buoyance elements to correct submerged 
weight.  

Other sources of uncertainty that influence 
the line characteristics include fairlead position, 
line segments length and diameter, line preten-
sion, anchor positions, and sea-bottom friction. 
In-line load cells used to measure line tension 
may also alter the properties of the lines and ten-
dons.  

In the case where it is required to model a 
mooring system consisting of synthetic fibre 
ropes – the large sensitivity to extreme mooring 
loads of the material should be taken into ac-
count to correctly reproduce the stress-strain 
characteristics. Dynamic characteristics of the 
synthetic ropes should also be considered. 

Truncation or other simplifications of the 
mooring lines may lead to other distortions, and 
in some cases to a totally different mooring sys-
tem than originally specified (Qui et al., 2014). 
It is important to maintain correct geometrical 
parameters such as top angles and lines elonga-
tion during excursion. Uncertainty analysis 
should be conducted to determine the degree to 
which the restoring characteristics have been 
achieved and to allow this effect to be included 
in an analysis of the overall model test.  

3.1.4 Foundation 

For bottom-fixed wind turbines, the soil 
stiffness and damping cannot be neglected due 
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to its influence on the global response. Typi-
cally, the foundation is modelled by a "soil 
spring" extended down to the foundation. This 
connection should be designed to give realistic 
stiffness, but also damping for cases when aero-
dynamic damping is low. The imperfection 
and/or simplification of the soil model is a 
source of uncertainty.  

The bottom stiffness may also be an uncer-
tainty if the foundation is not rigidly fixed to the 
ground. The force transducer at the base of the 
wind turbine may also alter the stiffness of the 
foundation as well. 

3.1.5 Numerical model 

Numerical simulation models may constitute 
an important part of a test object, either in re-
design of the model due to limitations when 
scaling down the structure (e.g. performance 
scaling of rotor blades, truncation of mooring 
lines) or as a replacement of a physical substruc-
ture by numerical simulations and actuators (e.g. 
hybrid testing). 

Sources of uncertainties in the numerical 
modelling can be caused by e.g. choice of math-
ematical model to describe real physics, intro-
duction of empirical parameters, choice of nu-
merical method, grid and timestep resolution, 
numerical accuracy and convergence criteria, 
computing capacity and simulation time, among 
others.   

3.2 Model installation 

Installation uncertainty sources relates to 
hull model ballasting and trimming, model po-
sitioning and alignment relative to wave maker 
and wind generator, mooring and anchor layout 
(including mooring line pretension and top an-
gle), fastening of bottom fixed structures, and so 
forth.  

Another source of installation uncertainty 
may relate to deformation of the model due to 
brute force from manual labour when moving or 
fixing the model.  

3.3 Control systems and actuators  

There are model parameters necessary for 
control design to ensure that the controller does 
not introduce any destabilizing dynamic system 
behaviour that would lead to excessive and un-
realistic loads above rated operating conditions: 
aerodynamic coefficients (power and thrust), 
drivetrain mass, inertia, platform surge/pitch ei-
genfrequency, platform surge/pitch damping, 
platform mass/inertia, platform hydrodynamic 
coefficients, quasi-static mooring lines, wind 
turbine mass/inertia, tower elasticity, blade elas-
ticity, blade polars, yawed inflow, aeroelastic 
stability, 3D gyroscopic effects and others. 

3.3.1 Variable speed control 

From cut-in wind speed to rated wind speed 
the rotor speed varies in order to allow for an 
optimal power production. Thus, the optimal 
tip-speed ratio 𝑇𝑇𝑇𝑇𝑇𝑇 is tracked by controlling the 
rotor speed Ω with the generator torque at all op-
erating wind speeds 𝑣𝑣0: 𝑇𝑇𝑇𝑇𝑇𝑇=Ω𝑅𝑅/𝑣𝑣0. No nega-
tive damping effect arises for below-rated wind 
speeds since the thrust is increasing with in-
creasing wind (Jonkman 2007). For variable 
speed control, the uncertainty relates to the ac-
tual rotor speed Ω. 

3.3.2 Blade pitch controller 

The most critical control region is the region 
above rated wind speeds, where the collective 
blade pitch controller is active to keep the gen-
erator torque and rotor speed constant. A PI-
controller is the standard way. The dynamics in-
cluding the controller and the closed feedback 
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loop of rotor speed to blade pitch angle is re-
ferred to as “closed-loop dynamics”. In order to 
keep the closed-loop system dynamics constant 
throughout all operating points above rated con-
ditions, a method called “gain scheduling” is 
necessary. For floating wind turbines especially 
this above-rated control is critical since the 
pitching of the blades can destabilize the float-
ing wind turbine system. Uncertainty analysis 
should be conducted on the gain scheduling in 
order to determine the degree to which the target 
blade pitch angle has been achieved. 

3.3.3 Required actuators 

The actuators for modern wind turbines con-
trol the three blade-pitch angles and the genera-
tor torque. The blade pitch actuators can be in-
dependent of each other to allow for individual 
pitch control (IPC). This accounts for azimuth-
dependent wind loads and reduces the blade and 
tower-top fatigue loads. Usually a brushless mo-
tor is used to control the turbine rotation speed 
and torque in water basin model tests. The driv-
ing torque is measured by a torque sensor. The 
type B uncertainty of motors and torque meters 
is estimated by the manufacturer’s specifica-
tions. 

3.3.4 Hybrid testing  

In hybrid testing where the aerodynamic 
loads on the blades are simulated and imposed 
by actuators or a passive mass or a disc, uncer-
tainty analysis should be conducted as per ITTC 
recommended Procedure (7.5-02-01-01, Guide 
to Expression of Uncertainty in Experimental 
Hydrodynamics) to determine the degree to 
which the target wind load characteristics have 
been achieved and to allow this effect to be in-
cluded in an analysis of the overall model test. 

3.4 Measurement and data processing 

Wave, current, wind, model motions, rotor 
rpm, generator rpm, shaft torque, generator 
torque, power, bending moments, accelerations 
and relative motions, etc. are the primary meas-
urements in water basin model tests. All param-
eters are subjected to type A and type B uncer-
tainties. Type A uncertainty is evaluated based 
on repeated measurements and type B uncer-
tainty is not revealed by repetition of the exper-
iment. Type B sources of uncertainty include the 
geometry of used models, measurement sensors, 
the calibration and installation of equipment, 
data acquisition systems, data processing, etc. 

3.4.1 Measurement sensors  

It is very important to ensure that the instru-
mentation used in test set-up have the required 
properties. Common sensors mainly used for 
measurement are the followings: Real-time op-
tical tracking system, loadcell (i.e. 6-axis, one-
axis, ring-type, etc.), torque meter, mooring line 
tension meter, wave probe, anemometer, current 
speed meter, thermometer, accelerometer, pres-
sure gauge, strain gauge, inclinometer, leveller, 
electric weight scale, LVDT, electric current 
meter, etc. Specifications provided by sensor 
manufacturers and previous experience with 
sensors allow for the estimate of type B uncer-
tainties.  

Sensors are often affected by the tempera-
ture. For slow variations in temperature this can 
introduce drift in the measured signal. This can 
be controlled by making a zero reading. When a 
pressure gauge hits the water, the temperature 
changes abruptly due to the difference in air and 
water temperature. Temperature change occurs 
at the same time as the impact pressure change 
and then direct use of the measured signal can 
give totally misleading results (Steen, 2014). 



 

ITTC – Recommended 
Procedures and Guidelines 

7.5-02 
-07-03.17 

Page 9 of 23 

Uncertainty Analysis for Model Testing of 
Offshore Wind Turbines 

Effective Date 
2021 

Revision 
00 

 
Careful calibration procedures are important 

to minimize measurement uncertainty. Gener-
ally, in-situ end-to-end calibration includes as 
many elemental uncertainty sources in the sys-
tem as possible which do not have to be identi-
fied or individually estimated. Also, calibration 
standard, calibration misalignments, calibration 
curve fitting and A/D conversion are considered 
in the estimate of uncertainty. The curve fitting 
uncertainty can be estimated using the standard 
deviation of estimate formula. (ITTC procedure 
7.5-02 07-02.1 Rev.4, 2011) The type B uncer-
tainty of A/D conversion is equal to half of re-
sultant resolution. 

Some measurements require the presence of 
cables attached to the RNA, and these may be a 
source of uncertainty for the mass, moments of 
inertia, aerodynamic loads, and damping. Care-
ful calibration methodology must be followed to 
properly quantify the effect of the cables (e.g. 
decay test with and without cables). 

3.4.2 Time duration and realization of ex-
treme events 

Realizations of combined environments in 
water basins require different time durations de-
pending on load cases to be stochastically valid: 
10-minutes under wind and regular waves for 
effective RAOs, 1-hour under wind and irregu-
lar waves for operating conditions or 3-hours 
under wind and irregular waves for extreme 
events with initial transient periods. All of the 
time durations above are in full scale. Specially, 
the properties of short and steep waves may 
change downstream, and the wave measure-
ments should be carried out along the entire test 
track during wave calibration. Also, the shape of 
the irregular wave spectrum is an important un-
certainty source and it is required to ensure the 
measured spectrum shape agrees with the theo-
retical shape.  

Due to numerical simulation limitation 
and/or ocean basin limitation different combina-
tions of durations and number of seeds are used 
for the wind and wave realizations. The uncer-
tainty of the wind and wave extreme values de-
pends on the selected approach.  

3.4.3 Data acquisition  

A typical data acquisition system consists of 
a signal conditioner, Analog-to-Digital Convert-
ers (ADCs), and computer bus. Signal condi-
tioning includes amplifying, filtering, smooth-
ing, etc. When in-situ end-to-end calibration 
procedure is applied, all the data acquisition sys-
tem elemental uncertainty sources are included 
in the process except for the noise. Both sam-
pling rate and bit resolution are considered in se-
lecting ADC and its uncertainty can be esti-
mated by processing a known signal with a 
known analytical solution (i.e., sine). 

3.4.4 Postprocessing 

Postprocessing includes collection of meas-
ured data, data filtering, digitization of analog 
signals including peaks, reduction to a non-di-
mensional format, regression on the test data to 
acquire a mathematical fit, calculation of RAOs, 
spectrum, exceedance probability, stochastic av-
erages (pdf, cdf, joint pdf, mean, standard devi-
ation, significant value, etc.) and long-term pre-
diction with 50 to 100 year extreme values using 
the generalized extreme values distribution (i.e. 
Gumbel & Weibull, etc.). The type B uncer-
tainty should be included. 

3.5 Environmental condition modelling 

The uncertainties associated with the envi-
ronmental condition modelling are related to 
multiple sources: the physical properties of the 
testing environment (e.g. air and water tempera-
ture and density, bottom friction, etc.), and the 



 

ITTC – Recommended 
Procedures and Guidelines 

7.5-02 
-07-03.17 

Page 10 of 23 

Uncertainty Analysis for Model Testing of 
Offshore Wind Turbines 

Effective Date 
2021 

Revision 
00 

 
physical properties of the generated environ-
ment characteristics (e.g. wind, waves, and cur-
rents). 

3.5.1 Physical properties 

Some of the environmental physical proper-
ties that are important sources of uncertainty but 
that are not necessarily controlled are: air den-
sity and temperature, water density and temper-
ature, ocean basin floor friction, and water 
depth. 

These uncertainties are linked to the accu-
racy of the instruments used to measure them, 
and to their variability over the time and space 
scales of the test – which may require repeat 
measurement in different points (space scale) 
and at different times (time scale) to reduce the 
uncertainty. 

If controlled (e.g. moving floor to achieve 
desired water depth), the limitations of the con-
trol system, such as accuracy and repeatability, 
constitute an additional source of uncertainty. 

3.5.2 Waves 

A second source of uncertainty is the tem-
poral and spatial variability of the generated 
waves, and its significance is related to how well 
the measuring system used captures these varia-
bilities. 

From a temporal point of view, wave reflec-
tion may be a source of uncertainty. 

From a spatial point of view, for example, if 
the water surface elevation is measured only in 
one or few points of the tank, uncertainty on the 
actual surface elevation in other points may 
arise. Guidelines on where to measure these 
characteristics are given in the ITTC Recom-
mended Procedure 7.5-02-07-03.1 “Floating 

Offshore Platform Experiments” (ITTC 2017a). 
Another spatial uncertainty may be the wave 
kinematics variability with depth, if these char-
acteristics are measured only at one water depth 
– this is even more important when shallow wa-
ter conditions are present. Incorrect boundary 
conditions can also lead to low frequency para-
sitic waves as an additional source of uncer-
tainty. 

Furthermore, a type A source of uncertainty 
is related to the inherent stochasticity of irregu-
lar waves over time. Repeated measurements 
can reduce this source of uncertainty. 

3.5.3 Wind 

An important source of uncertainty origi-
nates from the limitations, in terms of accuracy 
and repeatability, of the physical equipment 
used to generate wind (for hybrid testing, where 
the wind is simulated numerically and only wind 
forces are generated physically, see section 
“Numerical model” below). 

Similar to waves, important spatial and tem-
poral variabilities characterize a generic turbu-
lent wind acting on an offshore wind turbine 
model, and the magnitude of these uncertainties 
is linked to in how many points (spatial) and 
how often (temporal) a measurement of the 
wind speed is taken. 

For example, from a spatial point of view, 
even measurements taken in multiple points 
across the wind rotor plane (2-D) would not cap-
ture the wind velocity and wind turbulence var-
iability in a plane perpendicular to the rotor 
plane – which can be significant for a floating 
offshore wind turbine system, as noted by Rob-
ertson (2017). Wind-wave interaction and wind 
blockage are other sources of wind spatial and 
temporal variability. 
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The temporal variability of wind speed and 

turbulence may also be an important source of 
uncertainty. 

Furthermore, a type A source of uncertainty 
arises when testing in turbulent wind conditions, 
due to the inherent stochasticity of turbulence. 
Repeated measurements can reduce this uncer-
tainty. 

3.5.4 Current 

The limitations, in terms of accuracy and re-
peatability, of the physical equipment used to 
generate the current is a primary source of un-
certainty. 

As for waves and wind, the impact of the 
spatial variability of current velocity and turbu-
lence on uncertainty should be assessed by 
measurements made at multiple points, both 
across the horizontal plane and the vertical wa-
ter column. 

In addition, turbulent currents are inherently 
stochastic, leading to a type A uncertainty. Re-
peated measurements can reduce this uncer-
tainty. 

3.5.5 Numerical model 

As reported by the ITTC Recommended 
Procedure 7.5-02-07-03.8 “Model Tests for Off-
shore Wind Turbines” (ITTC, 2017b), hybrid 
testing refers to “methods that combine, in real 
time and interactively, the numerical simulation 
of a virtual substructure with a physical sub-
structure tested experimentally in model scale.” 

As such, the additional uncertainty sources 
to be considered in this case are linked to two 
factors: the numerical simulation model, and the 
physical equipment used to “convert” the forces 

calculated numerically into physical forces act-
ing on the physical substructure. 

As every numerical model, the numerical 
simulation used is a simplification of the real 
phenomenon, and therefore a source of uncer-
tainty is the accuracy with which it reproduces 
it. Usually, the physical wind and forces acting 
on the rotor are emulated, respectively, by a syn-
thetic (numerically generated) wind speed and a 
numerical aerodynamic model deriving the 
forces transmitted by the rotor to the wind tur-
bine tower at model scale. Therefore, in this 
case, the uncertainty is linked to the accuracy of 
the numerical approaches used to reproduce the 
wind spatial (e.g. wind shear) and temporal (e.g. 
turbulence) variability, and to the accuracy of 
the numerical approach used to calculate the 
wind forces acting on the rotor. For example, 
usually Blade Element-momentum theory-
based are usually used to calculate these aerody-
namic forces, due to their relatively low compu-
tational cost, but these are known to have several 
limitations (see, for example, Gupta et al., 
2005). 

The forces calculated by the numerical sim-
ulation are then downscaled and imposed on the 
physical model through a physical system. De-
pending on the system (single ducted fan driven 
by an electronic motor, as in Azcona et al. 
(2014), or a set of fan see Urban and Guanche 
(2019). For actuated cables see Sauder et al 
(2016), Bachynski et al. (2016), and Berthelsen 
et al (2016), among others). Source of uncer-
tainty are linked to the limitations (accuracy and 
repeatability) of the components used. 

3.6 Initial test conditions 

Mooring lines on seabed, hysteresis, remain-
ing waves, circulation, turbulence, current, etc. 
in water basin are primary uncertainty sources 
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of initial test set-up and the uncertainties are es-
timated by the past experiences. 

Due to small asymmetry in the model ar-
rangement, a small roll response may occur in 
head sea and this roll increases when the rotor is 
in action. (Boulluec et al. 2013). Also diffracted 
waves and reflected waves due to offshore wind 
turbine motions will reach to the tank wall and 
the wave generator and will be reflected back to 
the model. In this way a transverse wave system 
will gradually be developed, and the tank wall 
interference effects can have a very important 
effect on the experimental results. (Steen 2014, 
Zhao et al. 1988). Also, the time between two 
consecutive test cases should be long enough to 
ensure an acceptable quiescence of water. The 
type B uncertainty should be estimated by the 
past experiences. 

3.7 Other sources of uncertainties  

3.7.1 Scaling effects 

For offshore wind turbines, aerodynamic 
and hydrodynamic loads can be of equal im-
portance when estimating its dynamic response. 
While for hydrodynamic loads Froude scaling is 
usually adopted, the aerodynamic forces should 
be scaled according to Reynolds scaling. The 
two dimensionless ratios cannot be satisfied at 
the same time, and usually offshore wind turbine 
models are Froude scaled. Therefore, the mis-
match of Reynolds number is a source of uncer-
tainty for aerodynamic loads that should be con-
sidered in the design of the test setup. See ITTC 
Procedure 7.5-02-07-03.8, “Model Tests for 
Offshore Wind Turbines” (ITTC, 2017b ) for 
different approaches of modelling the wind tur-
bine. E.g. for performance modelling the blades 
are redesigned to provide the same thrust and 
torque in a low Reynolds number different from 

that in full scale. Uncertainty analysis should be 
conducted on the redesigned blades in order to 
determine the degree to which the target wind 
load characteristics have been achieved and to 
allow this effect to be included in an analysis of 
the overall model test. 

Additional uncertainty sources due to the 
scaling, in common with other offshore struc-
tures, are viscous effects on the hull (e.g. slender 
parts, appendages) and mooring lines. See also 
Qiu et al. (2014). 

3.7.2 Human factors 

Human factors can be classified as error ra-
ther than uncertainty sources. See e.g. Qiu et al. 
(2014) for further details. 

4. EXAMPLE OF UNCERTAINTY 
ANALYSIS TO OFFSHORE WIND TUR-
BINE MODEL TEST 

The following example is based on the arti-
cle: “Dynamic response of a monopile wind tur-
bine in waves: Experimental uncertainty analy-
sis for validation of numerical tools” (Bachynski 
et al., 2019). 

4.1 Experimental model 

The prototype design corresponds to the 
NREL 5MW reference wind turbine (Jonkman 
et al., 2009), supported by the offshore tower de-
veloped in OC3 Phase III (Jonkman, 2010) and 
a 7 m diameter monopile, with the OC3 Phase II 
soil stiffness parameters (Jonkman and Musial, 
2010). The monopile thickness is 60 mm and the 
transition from monopile to tower occurs at 10 
m above the waterline (Figure 1 and Table 1). 
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Table 2: Key model particulars, compared to the design prototype and to the OC3 Phase II monopile (Jonk-
man and Musial, 2010). All values in full scale. Note that the OC3 Phase II monopile is in 20 m water depth, 

compared to the present model in 30 m water depth. 

 Model Tests Prototype OC3 Phase II 
Monopile 

Diameter(wetted section of monopole) [m] 7.0 7.0 6.0 

Tower baase diameter (10 m above waterline) [m] 6.5 6.5 6.0 

Tower top diameter [m] 3.87 3.87 3.87 

RNA mass [kg] 3.36x105 3.50 x105 3.50 x105 

RNA Ixx about RNA CoG [kg m2] 7.14x107 4.00x107 4.00x107 

RNA Iyy about RNA CoG [kg m2] 7.14x107 3.07x107 3.07x107 

RNA Izz about RNA CoG [kg m2] 9.51x107 2.44x107 2.44x107 

Monopile penetration depth (below seabed) [m] - 46 30 
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Figure 1: Sketch of the monopile model, without (left) and with (right) outer shells 
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Figure 2: Left: photograph of the model installed in the wave basin, highlighting the drag disk. Right: numer-
ical model in SIMA, where the four upper lines represent the drag disk. Transition from red to black checker-

board indicates the calm water free surface 

The model tests were carried out at a scale 
1:40 in the Ocean Basin at SINTEF Ocean (Fig-
ure 2). Froude scaling (including the difference 
between the fresh water density in the model 
tests and sea water density at full scale) is ap-
plied in order to scale the model test results. 

4.2 Regular Wave Test 

As shown inTable 3, 9 regular waves were 
tested, with periods (T) ranging from 6 to 14 
seconds. The steepness-value was considered 
(approximately 1/30). The Keulegan-Carpenter 
(KC) number, defined in Eq.1, for all of the con-
sidered tests is quite low. For the smallest waves 
(KC < 1.25), no flow separation is expected 
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(Sarpkaya and Isaacson, 1981), and for KC up 
to 5.0, the added mass coefficient is not ex-
pected to vary significantly (DNV, 2010). In Ta-
ble 3, the KC number for regular waves is cal-
culated, based on the maximum velocity accord-
ing to linear theory by Equation (1): 

𝐾𝐾𝐾𝐾 = 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇 
𝐷𝐷

= 𝜋𝜋𝐻𝐻1
tanh(𝑘𝑘ℎ)𝐷𝐷

 (1) 

where Umax is the maximum water particle ve-
locity, perpendicular to the monopile axis, at 
water surface level, T is the wave period, H is 
the regular wave height, k is the wave number, 
h is the water depth, and D is the diameter of the 
monopile (characteristic length). 

Table 3: Regular wave tests (full scale). 

H [m] 1.9 2.6 3.3 4.2 5.2 6.3 7.5 8.8 10.2 

T [s] 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 

KC 0.85 1.18 1.54 2.04 2.65 3.39 4.27 5.31 6.50 
 

4.3 Bending moment RAOs 

The bending moment transfer function R(ω), 
denoted as the response amplitude operator 
(RAO) of the bending moment at z = −28.5 m, 
for the first harmonic of the primary wave fre-
quency for wave periods 6 s, is defined in Eq. 2: 

R(ω) = My1 / η1  ( 2) 

Where My1 is the amplitude of the first harmonic 
bending moment, and η1 is the amplitude of the 
first harmonic wave. 

4.4 Type A Uncertainty  

Type A uncertainties are evaluation of un-
certainty by the statistical analysis of a series of 
observations (JCGM (2008) and Taylor et al. 
(1993)). This type of uncertainty is as also com-
monly known as the precision uncertainty of the 

test. Repeatability is assessed directly from the 
experimental results. 

4.4.1 Waves 

Assessing the repeatability of the RAO is 
challenging for several reasons. The generation 
of regular waves in relatively shallow water can 
be challenging due to the depth variations and 
reflections, standing waves, and parasitic waves 
in the basin. 

There were 13 standing probes (present dur-
ing both the calibration and the tests with the 
model) and 23 probes along a wave harp (a set 
of tightly-spaced wave probes aligned with the 
wave propagation direction, with a distance of 6 
m between each probe and connected to a single 
support), which was only present during wave 
calibration. The wave harp is shown in Figure 3. 
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Figure 3: Wave probe layout during calibration of long-crested waves. Right: zoom near the model, showing 
the tightly-spaced wave probes in the harp (a set of tightly-spaced wave probes aligned with the wave propa-

gation direction). 

 
Figure 4: Variations in regular wave amplitude along the wave harp. Left: amplitude of the first harmonic of 
the wave along the harp, where WAVE2 shows the value at the model location. Note that the indicated steep-

ness 1/30 and 1/40 are approximate. Middle: time series of wave elevation along the harp (T = 6 s, lower 
steepness). Right: time series of wave elevation along the harp (T = 13 s, lower steepness). 
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Figure 5: Experimental bending moment (at z = - 28:5 m) RAO results, highlighting the repeatability and the 

differences in results for different wave steepness 

 

There are notable differences in the ampli-
tude of the first harmonic of the wave, especially 
for the longest waves (Figure 4). 

The wave amplitude at a given location 
along the harp deviates up to 18 % compared to 
the mean amplitude, and the coefficient of vari-
ation ranges from 3 to 9 % depending on the 
wave period. 

4.4.2 Assessment of Type A uncertainty 

Type A uncertainty of a response which is 
measured repeatedly is found from Equation (3): 

𝑠𝑠𝑅𝑅 =  𝑠𝑠𝑥𝑥
√𝑁𝑁−1

  (3) 

where 𝑠𝑠𝑥𝑥 is the standard deviation of the meas-
ured quantity over N repeated tests. 

There is a good agreement in the first har-
monic RAO for longer waves as shown in Fig-
ure 5. The repeated tests also showed good 
agreement (within 2 %) for the first harmonic. 
The discrepancies between the results for the 
different wave steepness were large, but the re-
peatability of each condition was within 5 %.  

Type A uncertainty of bending moment 
transfer function was:  

𝑠𝑠𝑅𝑅  = 0.354E+05 Nm/m 

4.5 Type B Uncertainty 

Type B uncertainties are the evaluation of 
uncertainty by means other than statistical anal-
ysis (JCGM (2008) and Taylor et al (1993)). 
These are also commonly known as bias uncer-
tainties.  

4.5.1 Temperature and Density 

The temperature was measured to be 16 ⁰C , 
and the temperature variations during the model 
tests were ±0.07 ⁰C. Based on the manufacturer 
data, the temperature error is 0.03 % per ⁰C: 
considering temperature variations of ±0.07 ⁰C, 
the temperature contribution to the Type B un-
certainty is negligible compared to the previ-
ously described contributions. By applying the 
method outlined in the water properties ITTC 
Procedure 7.5-02-01-03, “Density and Viscosity 
of Water”, the density (ρ) is 999.072 kg/m3 and 
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the corresponding Type B Uncertainty is 0.0306 
kg/m3. 

4.5.2 Wave gauges 

The wave gauges have a sensitivity of 2 % / 
⁰C. Temperature effects had a relatively small 
contribution to the Type B uncertainty for the 
wave gauges. 

4.5.3 Strain gauges 

Calibration of the strain gauges is carried out 
by applying a known moment (via a hanging 
weight attached through a pulley at a given 
height). We estimated the Type B uncertainty by 
considering ±2 mm model scale error in height 
and ±5 ⁰C uncertainty in orientation of the load 
applied for calibration. 

4.5.4 Geometry and Inertia of Experimental 
Model 

Possible Type B uncertainties in manufac-
ture of the experimental model are estimated in 
Table 4 and propagated to the responses of in-
terest using a simple semi-analytical model. 

Table 4: Estimated Type B uncertainties. All values 
given in full scale 

Parameter Type B uncertainty 
Measured wave ele-
vation 

±3 % 

Water depth ±0.4 m 
Mass distribution ±10 % locally 
Inner core dimensions ±4 mm 
Outer core dimen-
sions 

±6 cm 

Strain ±0.5 % 
Acceleration Orientation ± 2.5˚, 

location 0.12 m 

4.5.5 Bending moment RAO 
The uncertainty in these response metrics, i.e. 
bending moment RAO, will depend on the un-
certainty in the incoming waves, the model it-
self (i.e. geometry, stiffness, mass distribution), 
and the measured response (bending moment) 
as in Table 5. 

Table 5: Independent input variables for semi-ana-
lytical analysis 

Input varia-
ble 

Symbol Comments 

Mass distri-
bution 

m Affects modal pa-
rameters. Uniform 
relative variation 
10 % 

Stiffness 
distribution 

EI Affects modal pa-
rameters. Uniform 
relative variation 4 
%  

Modal 
damping 

bi orζ Varied for all five 
modes simultane-
ously 20 % 

Outer diam-
eter 

D Only affects wave 
loads, 6 cm 

Water depth h Affects modal pa-
rameters and wave 
loads, 0.4 m 

Regular 
wave period 

2π
𝜔𝜔

 
affects wave loads, 
0.05 s 

4.6 Simplified semi-analytical uncertainty 
propagation 

A simplified model is used to propagate 
Type B uncertainties in the properties of the 
physical model and in the incoming waves to the 
bending moment response. This linearized 
model is obtained by combining a 5-mode struc-
tural response model with linear wave loads. 
The structural response model takes the form of 
the decoupled ordinary differential equations in 
Equation (4) through (7), where 𝑚𝑚𝚤𝚤���� is the modal 
mass, 𝑏𝑏𝚤𝚤�  is the modal damping, 𝑘𝑘𝚤𝚤�  is the modal 
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stiffness,   𝐹𝐹𝚤𝚤�  is the modal force, and 𝑦𝑦𝑖𝑖  is the 
modal response. 

𝑚𝑚𝚤𝚤����𝑦𝑦𝚤̈𝚤 + 𝑏𝑏𝚤𝚤�𝑦𝑦𝚤̇𝚤 + 𝑘𝑘𝚤𝚤�𝑦𝑦𝑖𝑖 = 𝐹𝐹𝚤𝚤� , 𝑖𝑖 = 1, … ,5 (4) 

𝑚𝑚𝚤𝚤����  =  ∫ 𝑚𝑚(𝑧𝑧)(𝜑𝜑𝑖𝑖(𝑧𝑧))2𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡
𝑧𝑧𝑙𝑙𝑙𝑙𝑙𝑙

𝑑𝑑𝑑𝑑 +
 ∑𝑀𝑀𝑗𝑗 (𝜑𝜑𝑖𝑖(𝑧𝑧𝑗𝑗))2 + ∑𝐼𝐼𝑗𝑗  (𝜑𝜑𝑖𝑖,𝑧𝑧(𝑧𝑧𝑗𝑗))2 (5) 

𝑘𝑘𝚤𝚤� =  ∫ 𝐸𝐸𝐸𝐸(𝑧𝑧)(𝜑𝜑𝑖𝑖,𝑧𝑧𝑧𝑧(𝑧𝑧))2𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡
𝑧𝑧𝑙𝑙𝑙𝑙𝑙𝑙

𝑑𝑑𝑑𝑑 (6) 

𝑏𝑏𝚤𝚤� = 2𝑚𝑚𝚤𝚤���� 𝜔𝜔0,𝑖𝑖 𝜁𝜁 = 2𝜁𝜁�𝑘𝑘𝚤𝚤�  𝑚𝑚𝚤𝚤����  (7) 

The undamped natural frequencies obtained 
from the estimated modal mass and stiffness 
were found to be within 5 % of those from the 
eigenvalue analysis. For simplicity, the modal 
damping is chosen to give the same damping ra-
tio in all five modes. Based on the decay tests, ζ 
= 0.5 % critical damping is chosen. 

In the modal response model, the viscous 
drag term of the Morison equation was not con-
sidered due to the relatively low KC number of 
the experiments as in Table 3. Then the Morison 
inertia load takes the form as in Equation (8): 

𝐹𝐹𝚤𝚤� =  ∫ 𝜑𝜑𝑖𝑖(𝑧𝑧)𝜌𝜌(𝐶𝐶𝑎𝑎 + 1)𝜋𝜋 𝐷𝐷2

4
0
−ℎ 𝑎𝑎𝑎𝑎𝑎𝑎 (8) 

with a for regular waves with amplitude 𝜂𝜂𝑎𝑎 and 
frequency ω = 2π/T in water depth h given by 
Equation (9): 

a =  𝜔𝜔2𝜂𝜂𝑎𝑎
cosh(𝑘𝑘(𝑧𝑧+ℎ))
sinh(𝑘𝑘ℎ)

cos𝜔𝜔𝜔𝜔 (9) 

According to this simple semi-analytical 
model, the first response metric, the first har-
monic bending moment RAO at zj = - 28.5 m, is 
given by Equation (10). 

|𝐻𝐻(𝜔𝜔)| =  
�𝑀𝑀|𝑧𝑧𝑗𝑗�

|𝜂𝜂𝑎𝑎| =  ∑ 𝐸𝐸𝐸𝐸(𝑧𝑧𝑗𝑗)𝑛𝑛
𝑖𝑖=1 𝜑𝜑𝑖𝑖,𝑧𝑧𝑧𝑧�𝑧𝑧𝑗𝑗� ∗

∫ (𝐶𝐶𝑎𝑎+1)𝜋𝜋𝐷𝐷
2

4 𝜌𝜌𝜔𝜔
2cosh�𝑘𝑘(𝑧𝑧+ℎ)�

sinh(𝑘𝑘ℎ) 𝜑𝜑𝑖𝑖(𝑧𝑧)𝑑𝑑𝑑𝑑0
−ℎ

𝑘𝑘𝚤𝚤����((1−𝛽𝛽𝑖𝑖
2 )2+(2 𝜁𝜁𝑖𝑖𝛽𝛽𝑖𝑖)2

 (10) 

In Equation (11), βi is the frequency ratio for 
each mode. 

𝛽𝛽𝑖𝑖 =   𝜔𝜔
𝜔𝜔𝑖𝑖

 = 𝜔𝜔�𝑚𝑚𝚤𝚤����
�𝑘𝑘𝚤𝚤���

  (11) 

4.7 Total Type B Uncertainty 

To compute the total Type B uncertainty in 
the measured response uR, we combine the ef-
fects of the inputs in Table 4 with the effects of 
the estimated bias uncertainties in the wave ele-
vation and bending moment measurements. 

Considering a result R which depends on L 
independent variables 𝑥𝑥𝑖𝑖 , the sensitivity index 
𝜃𝜃𝑖𝑖 is given by Equation (12): 

𝜃𝜃𝑖𝑖 =  𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

 ,     𝑖𝑖 = 1, 2, … , 𝐿𝐿 (12) 

and evaluated at either mean or nominal values 
of the result. 

The uncertainty in the result due to the Type 
B uncertainties is obtained by the square root of 
the sum of squares (RSS) of the contributions 
from all of the independent variables by Equa-
tion (13): 

𝑢𝑢𝑅𝑅 =  ±�∑ (𝜃𝜃𝑖𝑖𝑢𝑢𝑥𝑥𝑖𝑖)2
𝐿𝐿
𝑖𝑖=1   (13) 

Where uxi is the best estimate of the uncertainty 
in the independent variable. 

The most important components of Type B 
uncertainty of bending moment transfer func-
tion R(ω) at T = 6 s are the wave elevation, mass, 
and diameter as in Equation (14): 



 

ITTC – Recommended 
Procedures and Guidelines 

7.5-02 
-07-03.17 

Page 21 of 23 

Uncertainty Analysis for Model Testing of 
Offshore Wind Turbines 

Effective Date 
2021 

Revision 
00 

 

𝑅𝑅(𝜔𝜔) = 𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑀𝑀𝑦𝑦
𝜂𝜂𝑦𝑦� =

𝑓𝑓�𝑚𝑚,𝐸𝐸𝐸𝐸, 𝜁𝜁,𝐷𝐷,ℎ,𝑇𝑇,𝑀𝑀𝑦𝑦, 𝜂𝜂𝑎𝑎� (14) 

A calculation in wave period, T = 6 s is made 
by Equation (15), referring to the values in Ta-
ble 6. 

Table 6: Sensitivity indexes and independent variable uncertainty values 

Variable 𝑥𝑥𝑖𝑖  𝜽𝜽𝒙𝒙𝒊𝒊  Units for 𝜽𝜽𝒙𝒙𝒊𝒊  𝒖𝒖𝒙𝒙𝒊𝒊  Units for 𝒖𝒖𝒙𝒙𝒊𝒊  𝜽𝜽𝒙𝒙𝒊𝒊𝒖𝒖𝒙𝒙𝒊𝒊  Units for 𝜽𝜽𝒙𝒙𝒊𝒊𝒖𝒖𝒙𝒙𝒊𝒊  

M 2.55E+03 Nm/(mkg/m) 203.5 kg/m 5.19E+05 Nm/m 

EI 4.70E-05 Nm/(mNm
2

) 5.60E+09 Nm
2
 2.63E+05 Nm/m 

ζ 7.30E+05 Nm/m 0.001 - 7.30E+02 Nm/m 

D 7.03E+06 Nm/m
2
 0.06 m 4.22E+05 Nm/m 

h 2.74E+04 Nm/m
2
 0.4 m 1.10E+04 Nm/m 

T, 9.12E+06 Nm/(ms) 0.05 s 4.56E+05 Nm/m 

My 1.05E+00 Nm/(mNm) 116,840.5 Nm 1.23E+05 Nm/m 

𝜂𝜂𝑎𝑎  2.51E+07 Nm/m
2
 0.0285 m 7.16E+05 Nm/m 

 

𝑢𝑢𝑅𝑅 =

 �(𝜃𝜃𝑚𝑚𝑢𝑢𝑚𝑚 )2 + (𝜃𝜃𝐸𝐸𝐸𝐸𝑢𝑢𝐸𝐸𝐸𝐸 )2 + (𝜃𝜃𝜁𝜁𝑢𝑢𝜁𝜁  
)2 + ( 𝜃𝜃𝐷𝐷𝑢𝑢𝐷𝐷 )2 + (𝜃𝜃ℎ𝑢𝑢ℎ )2 + (𝜃𝜃𝑇𝑇𝑢𝑢𝑇𝑇 )2 + (𝜃𝜃𝑀𝑀𝑦𝑦𝑢𝑢𝑀𝑀𝑦𝑦) 

2 + (𝜃𝜃𝜂𝜂𝑎𝑎𝑢𝑢𝜂𝜂𝑎𝑎 )2 =

1.12𝐸𝐸 + 06 𝑁𝑁𝑁𝑁/𝑚𝑚         (15) 

 
As shown in Eq. 12, Type B uncertainties are 

generally larger than Type A uncertainty. The 
Type B uncertainties generally decrease for 
longer wave periods, and the importance of the 
mass distribution becomes smaller for longer 
waves. This is as expected, since the monopile 
response becomes increasingly stiffness-domi-
nated for long wave periods. 

4.8 Total Uncertainty 
The total uncertainty is a combination of both 
the known Type A and Type B uncertainties, 
(Type A uncertainty 𝑠𝑠𝑅𝑅 and Type B uncer-
tainty𝑢𝑢𝑅𝑅). In order to combine Type A and 

Type B uncertainties, the square root of the 
sum of squares is again used in Equation (16): 

𝑢𝑢𝑐𝑐 =  �𝑢𝑢𝑅𝑅2 + 𝑠𝑠𝑅𝑅2  (16) 

where 𝑢𝑢𝑐𝑐 = 1.12 E + 06  Nm/m, 𝑢𝑢𝑅𝑅 =  1.12 
E+06 Nm/m, and 𝑠𝑠𝑅𝑅 = 3.54 E+04 Nm/m. 

4.9 Conclusions 

The uncertainty analysis suggests that Type 
A uncertainties (estimated through repetition 
tests) are of minor importance compared to 
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Type B uncertainties (estimated through a sim-
plified analytical uncertainty propagation) for 
the estimation of RAOs. Based on a somewhat 
conservative estimate - local variation applied as 
a global variation - the mass and stiffness of the 
model itself were found to be important contrib-
utors to Type B uncertainty. The wave elevation 
and model diameter, where Type B uncertainties 
were estimated more realistically, were also 
seen to be important. 
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