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1 INTRODUCTION 

Version 4.0 of the Bladed software includes a major update to the way in which the structural dynamics are 
modelled. A multibody formulation has been introduced, replacing the existing structural dynamics model. 
This has several key advantages: 

• The coupling between different structural components is now completely self consistent and 
formulated at run-time rather than in explicit pre-defined equations, leading to a much more rigorous 
treatment of the structural dynamics. 

• Further development and maintenance of the structural model including the addition of new structural 
features is now relatively easy. 

• Rotor modes have now been replaced by individual blade modes, meaning simulations involving 
different pitch angles or transitioning from fine to feathered pitch can now be modelled correctly. 

• Blade mass, frequency and mode shape can now be specified separately meaning loading due to icing 
on some but not all blades can now be analysed correctly. 

• Blades now have six degrees of freedom, meaning blade torsion can now be modelled correctly and 
axial and shear stiffness can be included if desired. 

In order to gain confidence with the new structural model, several different types of testing and validation 
have been carried out, a summary of which is presented in this document. These include comparison against 
hand calculations for simple features, comparison against known results, comparison against the previous 
version of Bladed for both individual structural features and complete load sets with full wind turbine 
models, comparison against other wind turbine simulation codes, comparison against ANSYS models and 
comparison against measured data. 

The theory for the new multibody structural dynamics has been documented in the Bladed Theory manual 
[1]. 
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2 SIMPLE COMPARISONS AGAINST KNOWN RESULTS 

This section presents comparison against hand calculations and simulations carried out using existing 
Bladed for which the set up was simple enough for the results to be known, either in terms of the absolute 
values of various outputs or in terms of the expected dynamic behaviour or pattern of results. For all of the 
tests in this section the four combinations of an upwind/downwind turbine and clockwise/anticlockwise 
rotor direction were tested. For clarity in the examples below, when these four cases are the same, only the 
clockwise upwind case is shown. 

In this section, the term “Old Bladed” refers to the pre-Multibody version of Bladed, which is used as a 
reference (where appropriate) in these tests. The new, Multibody, version of Bladed is referred to as “MB 
Bladed”. 

 
2.1 Blade 

Mass axis 

A series of tests with a simple blade with mass offset compared against hand calculations: on a uniform 
cylindrical blade, the centre of mass is moved along & perpendicular to the chord. With the blade fixed 
vertically upwards, this can be seen in the blade root bending moments, in this case for movement along the 
chord. 
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The effect on loading of the blade mass was tested by pitching the blade and looking at the blade root shear 
force, shown below: 
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Neutral axis 

The blade loads are output on the neutral axis. This was tested in a similar manner to the mass axis location, 
by parking the blade vertically and checking the blade root bending moments as the neutral axis was moved 
through the blade. 

Point masses 

Both rotating and parked blades with point masses at various locations were compared against both old 
Bladed and hand calculations. 

Here a cylindrical uniform blade is rotating at constant rotor speed. A point mass is present at radius 
r = R/4, and the combined centrifugal force of the point mass and distributed blade mass is correct: 
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In a similar manner to checking the distributed mass, the loads due to different point mass locations in the 
blade cross-section were also checked. 

 

Pre-bent blade 

A parked case with wind loading (drag) only was run to check deflections, with the wind speed increasing 
up to a steady value. There are slight differences between the two versions of Bladed, probably due to the 
improved modal representation in MB Bladed, but the overall behaviour is similar. 
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A rotating case with no wind loading or gravity was run to check centrifugal loads and deflections. 
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Mounting angles: precone and sweep 

Pre-cone is the mounting angle of the blade in the out-of-plane direction. This was tested by looking at the  
blade root My of a vertically parked blade, due to gravity, for various pre-cone angles. The graph below 
shows differences between MB and Old Bladed; this is due to a change in the modelling of pre-cone. 
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Sweep angle was tested in a similar way. Here is shown the blade root flapwise bending moment for two 
different sweep angles, as the wind drag loading increases. This demonstrates a minor issue with old 
Bladed, whereby the second-order effect of sweep angle on flapwise bending moment was not taken into 
account. 
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Axial stiffness 

With the blade parked vertically, the blade tip extension due to gravity against uniform axial stiffness is 
checked: 
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Old Bladed did not allow this effect to be modelled at all. 
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Encrypted blade 

Bladed offers the possibility to encrypt the blade data. An encrypted blade was compared against results 
from old Bladed to make sure the interpretation of the encrypted data was correct. 

 

Aerodynamic Loads 

Comparisons were made with old Bladed of aerodynamic loading along the blade, and blade root total 
loading, for a real blade in the parked case. 
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The loads were also compared for a rotor rotating at fixed speed in steady wind. 

Deflection 

It was confirmed that the blade deflections and absolute positions are in global coordinates, and do not vary 
as a uniform symmetric blade was twisted and pitched in steady wind. 

 

Pitch bearing located outboard of blade root 

A parked simulation with pitching was carried out. Blade forces on the inboard section of the blade, at the 
pitch bearing and on the outboard section of the blade were checked. The angle of attack was compared 
against old Bladed at all three locations.  

 
2.2 Rotor 
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Tilt 

A simulation with the rotor parked under gravity and drag loading was carried out, and the loads at the 
blade root and at the yaw bearing were checked. 

Cone 

A simulation with constant rotor speed, with and without cone, was carried out. Only the load due to gravity 
was considered here. The blade root thrust force is shown below (for cone = 10deg). 
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Overhang 

The influence of overhang on the yaw bearing loads due to gravity was checked. 

Lateral offset 

The gravity loading at the yaw bearing was checked, for different lateral offset positions. 

Hub mass 

The effect of the hub mass location on gravitational and inertial contributions to the hub loads was checked. 
Similarly, the effect of a rotor mass imbalance was checked. For example, here the hub torque is plotted for 
three imbalance cases: imbalance lying on the axis, and at 1m radius at an azimuth angle of 0 and 70deg 
(the CW results are shown here; ACW torques will have the opposite sense). 
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Set angle 

The effect of set angle and set angle error on the output coordinates and blade angle of attack was tested, 
both for a parked and for a rotating rotor. For example, here the flapwise shear force due to drag on a 
parked blade is shown, for each blade, when a set angle error is applied to each blade in turn. It can be seen 
that the force drops by the appropriate amount. 
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Azimthal blade imbalance 

The azimuthal blade mounting imbalance was checked by looking at the blade tip position of each blade 
when an azimuthal imbalance was applied. 

Teeter 
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Teeter movement was tested by rotating the blade through a sheared wind field. The movement was much 
slower than the teeter natural frequency, so in this case the quasi-static behaviour was tested. 

Pitch-teeter coupling (PTC) was tested on a parked rotor subject to wind drag (again, non-uniform due to 
wind shear). The static movement of the blade tip is shown here for different δ3 angles: 
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The teeter behaviour without a restraint present was also checked, including the stabilising effects of rotor 
rotation.  

The behaviour when the teeter hinge is offset upwind or downwind from the rotor centre was tested for a 
parked rotor subject to gravity loading (a positive teeter offset places the hinge downwind of the rotor 
centre; a positive teeter restraint torque acts to push the top of the rotor upwind). 
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One-bladed rotors 

The effect of a counterweight was checked for a 1-bladed rotor. 

Teeter was also checked in a simple situation. 

 
2.3 Nacelle 

Nacelle mass 

The change in yaw bearing loads when the nacelle mass was turned on and off was checked. 

Nacelle drag 

The yaw bearing loads due to nacelle drag were checked, using a rotor with zero drag coefficient, for a 
range of wind directions. 

Yaw dynamics 

The geometry of yawing motion was checked, for example by examining the angle of attack on a vertical 
blade as the nacelle yaws: 
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The behaviour with the yaw bearing represented by a spring and damper was tested by applying a step 
change in yaw moment. 

In the “rigid” configuration, an applied yawing moment is resisted by friction until the limiting friction is 
reached, then the yaw actuator supplies the required remaining resisting moment: 
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The next possibility for the yaw model is a “flexible” configuration. This includes both friction and stiction, 
and possibly a spring between the actuator position and the yaw bearing position. 

This graph demonstrates the friction & stiction when the yaw bearing slips due to an applied yawing 
moment (which increases and then decreases over the simulation). The bearing initially sticks, then slips for 
a time before returning to rest. 
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The next test added a yaw actuator, connected via a spring to the yaw bearing. Here the actuator is yawing 
at constant angular velocity, and the yaw bearing stick-slips. 
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Limiting friction
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General yaw bearing loads 

A few tests checked the consistency of loads at the rotor and nacelle with the loads at the yaw bearing. The 
yaw bearing loads resulting from various rotor loads for different tilts were checked. Also, it was confirmed 
that when the yaw bearing rotates, the yaw bearing loads are aligned with the nacelle, while the tower top 
loads do not rotate. 

 
2.4 Drive train 

Coordinate systems 

It was confirmed that drive train outputs are measured with positive in the direction of normal rotation – i.e. 
the relationship between drive train outputs and global coordinates is opposite for CW and ACW rotors. 
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LSS flexibility 

The low-speed shaft (LSS) flexibility was tested by applying a brake to the generator side of the LSS, and 
increasing the rotor torque while observing the rotor rotation. The LSS motion is damped, and the motion is 
correct. 
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HSS flexibility 

The HSS flexibility was tested in a similar manner to the LSS flexibility. The brake was not applied, so only 
the generator inertia resisted the applied rotor torque. 
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Drive train mounting  

Here the drive train and rotor was locked by engaging a brake on the low speed shaft, and a step change in 
rotor torque was applied. The whole drive train was mounted on a stiffness and damping, and the resulting 
loads and motion checked. 

Note that in this case, the “expected” loads shown below are calculated based on other MB Bladed outputs, 
as the situation is too complicated to calculate from first principles. The “spring torque” load is calculated 
from the drive train deflection angle and velocity based on the output stiffness and damping. The “mounting 
loading” is calculated based on the output hub torque, accounting for drive train inertias. In effect these two 
loads are calculated from opposite ends of the drive train, so it is a good check that they agree. 
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Gearbox mounting 

The gearbox mounting degree of freedom was checked in a similar way to the drive train mounting. In 
Multibody Bladed, the drive train brake is attached to the gearbox, above the gearbox mounting, while in 
existing old Bladed, the brake is attached to the main frame below the gearbox mounting. Therefore, the 
results could not be compared between the two Bladed versions with the brake applied. An alternative test 
used a very large generator inertia instead of a brake. 

Brakes 

Firstly the stick-slip behaviour of the brakes was tested, with the brakes constantly engaged and a variable 
rotor torque. This was checked on both the low- and high-speed shafts. For example, the graph below shows 
the brake slipping on the low-speed shaft, once the hub torque reaches 20 kNm. While the brake is slipping, 
the brake reaction torque remains at 20 kNm, while the hub torque also includes the inertial torque 
associated with the generator inertia starting to move. Once the brake comes to rest, the torques fall back to 
the applied value. 
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The behaviour during a stop was also tested, again for the LSS and HSS. This test was repeated for 3 
simulation types: parked, idling and power production. 

Up to 3 different brakes may be defined; the braking torques produced when each brake in turn is applied 
were checked. 

Slipping clutch 

To test the slipping clutch in the HSS, the generator inertia was made very large so that it is effectively 
fixed. A gust increases the rotor loading enough for the clutch to slip for some time. Inertial loads are 
visible. Static clutch friction is 400Nm, while the dynamic friction is 300Nm. 

0

50

100

150

200

250

300

350

400

450

5 10 15 20 25 30

Time [s]

T
or

qu
e

 [N
m

]

Clutch torque
HSS torque
Expected HSS torque

 



Document No.: 1042/BR/01 Bladed Multibody Validation Issue:  B Final 

 

Garrad Hassan & Partners Ltd 19 

 

 

Losses 

The mechanical losses, specified by a lookup table, were checked. Four combinations were considered: with 
the losses applied on the low- or high-speed shaft, and with the losses defined as torques or powers. For 
example, the results for a loss torque on the LSS are shown below: 
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Here is the case for a loss defined in terms of power, again on the LSS: 
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Electrical losses can be defined as a linear relationship, or by a lookup table, as shown below: 
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2.5 Tower: monopile 
 

Aerodynamic loading 

A very basic test checked the load distribution in the tower due to applied rotor loads. 

The tower load distribution due to drag on the tower itself was checked: 
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Point masses 

Another test looked at the loads in the tower due to point masses, in an analogous manner to testing point 
masses in the blade. 
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Foundations 

Testing on the simple monopile foundation models were carried out. Here are the results for a translational 
foundation, with steady loading at a range of levels: 
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Here is the equivalent plot for a linear rotational foundation: 
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2.6 Tower: multi-member 

Hydrodynamic drag 

Water velocities and tower loads due to uniform currents were checked. This shows a bug in old Bladed in 
the calculation of hydrodynamic forces on partially-submerged tower members. 



Document No.: 1042/BR/01 Bladed Multibody Validation Issue:  B Final 

 

Garrad Hassan & Partners Ltd 22 

 

 

-150

-100

-50

0

50

100

90 60 180

Angle between current and measured force [deg]

S
h

ea
r 

fo
rc

e
 @

 1
0m

 d
ep

th
 [k

N
]

Calculation

MB Bladed

Old Bladed

 

Point masses 

Point masses were tested in a similar manner to the monopile tower. 

Tower vibration damper 

Tests including tower vibration dampers were carried out. 

Foundations 

Testing on linear and non-linear foundation models were carried out. 

 
2.7 Pitch system 

Pitch angle error 

The change in angle of attack, and in blade loads in local coordinates, was checked when applying a pitch 
angle error (imbalance) to each of 3 blades in turn. It was confirmed that the pitch angle error affects the 
part of the blade outboard of the pitch bearing, but not the part inboard. 

Pitch control 

The relationship between demanded and measured pitch angle was checked by applying a step change in 
demand, for the following configurations: 

• position-/rate-demand, 
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• 1st-/2nd-order. 

Pitching inertia 

Bladed calculates and outputs the blade pitching inertia, which depends on blade properties and geometry. 
The inertia due to the following factors was checked: 

• distributed blade inertia 
• extra blade pitching inertia (blade screen) 
• blade deflection 
• an offset mass axis 
• prebend 
• precone 
• sweep 
• cone 

It was also checked that the inertia has the same effect on each blade. 

The inertial loads during a pitching movement were also checked. 

Pitch bearing friction 

The pitch bearing friction model includes the variation in friction with axial loads, radial loads and bending 
moments. These relationships were tested. The MB Bladed results differ from the Old Bladed results due to 
a change in the assumption of the effect of a reversing of the axial force on the friction. 
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Pitch actuator 

The pitch actuator gear ratio and gearbox efficiency were tested by applying an external pitching moment to 
the blade, and checking the actuator torque. 

The inertia of the pitch actuator was also tested by observing the various torques during a change in pitch 
rate. 

 
2.8 Environment 

Tide height 

The tide height was tested by setting up a simulation with a uniform current loading the tower. The change 
in loading as the tide height was varied was checked. 

Wind 

The wind direction was checked for consistency against the angle of attack of a parked blade, the output 
yaw misalignment, and the resultant angle of drag on the tower. 

The turbulent wind output was checked; the results are slightly different between MB Bladed and Old 
Bladed due to the point on the structure at which the time series is output. MB Bladed outputs at the hub 
centre, whereas Old Bladed output at the hub height on the tower centre line. 

The tower shadow models were checked at a radius of 2m, at all yaw angles around a tower of radius 1m. 
The relative wind speed is shown below for the 3 available tower shadow models: 
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2.9 Faults 
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The behaviour when the various fault conditions are enabled is checked in the tests described in this section. 

Yaw fault 

A test on the constant rate yaw fault showed similar results between Old and MB versions. 

 
2.10 Simulation type 

The general function of the different simulation types, both the steady calculations, and the dynamic 
simulations representing particular situations (normal stop, idling etc) was tested by the tests in this section. 

Steady operational loads 

Comparisons were carried out for: 

• fixed speed & pitch 

• variable speed & pitch 

Steady parked loads 

Comparisons were carried out varying: azimuth, yaw, pitch, wind inclination. 

Stops 

Comparisons of normal and emergency stops were carried out. 
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3 COMPARISON AGAINST ANSYS 

 
3.1 Methods and tools 

The functional test is carried out by running a number of test cases using the Multibody framework of 
Bladed, and the results are then compared to the corresponding results from a similar structural model 
elaborated by the general purpose FEM package ANSYS (Vers. 10.0). All ANSYS structural models are 
defined using the tapered Timoshenko beam element called BEAM44 that is almost identical to the beam 
element derived for use in the Multibody framework. One exception is, however, that the BEAM44 element 
does not allow a specification of the cross-section centre of mass, which is an important parameter of the 
beam model applied in the Multibody framework. 

The functional test of the modal frame components is carried out using a test stub for the Multibody 
framework, while the more elaborated test with a compound structure is carried out using the new Bladed 
Multibody.  

 
3.2 Description of the Data for the test examples 

The functional test of the modal frame is performed using a typical 3 bladed multi-megawatt upwind 
turbine. The tests were performed with a separate blade fixed at the root as well as with a complete wind 
turbine structure. In addition a number of relatively simple test cases were initially performed in order to 
ensure correct input for the ANSYS model. 

The local blade coordinate system is defined according the definition used by Bladed, i.e. origin at the root, 
the Z-axis in the longitudinal direction coinciding with the pitch axis and the Y-axis perpendicular to the Z-
axis and parallel to the chord for cross-section with zero twist. 

The ratio of the cross-section is taken as the square root of the ratio of the flapwise stiffness to the edgewise 
stiffness in order to take into account that ANSYS assumes homogeneous material for this element. 

 
3.3 Description of the test cases 

Test case 1. A beam modelled by separate prismatic beam elements 

This set of test cases is mainly defined in order to calibrate the methods, which is done by testing that an 
ANSYS structural model and a similar structural model in the Bladed Multibody Framework model give 
identical results in a set of elementary test cases.  

As indicated in Figure 3.1 the structure used for the test case consists of a blade like cantilever beam that is 
fixed at the left end (root) and free at the right end (tip). The beam is pre-curved at the middle with a 
transversal offset characterised by the geometrical parameters a and b. Four prismatic and straight elements 
(1-4) are used, and the properties are assumed. In case that includes shear deformations, the edgewise and 
flapwise shear constant is taken is 0.5 and 0.5 times the relative profile thickness, respectively.  
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The beam is described in a global coordinate system XYZ with the X-axis pointing in the longitudinal 
direction as indicated Figure 3.1. The beam elements are described in local coordinate systems xyz, where 
the x-axis is the elastic beam axis (centroid). In all cases it is assumed that the element z-axis is parallel to 
the global XZ-plane. 

Gravity is generally neglected in this case. 

The test case generally assumes that external forces are applied in the initial configuration of the beam, 
which means that second order effects of the external loads are neglected. Geometric stiffening (stress 
stiffening) is considered only if explicitly specified. 

 

Figure 3.1: Basic geometry of test case 1 

 

Test case 1 consists of the following sub-cases: 
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a) a = b = 0. Shear deformation neglected. A distributed load in the global Y direction having an 
intensity of 2 kN/m at the fixed end and 3 kN/m at the free end. 

b) a = 1.0, b = 2.0. Shear deformation neglected. A distributed load in the global Y direction having an 
intensity of 2 kN/m at the fixed end and 3 kN/m at the free end, together with a distributed load in 
the global Z direction having an intensity of 2 kN/m at the fixed end and 1 kN/m at the free end. 

c) Similar to a), but with the two elements closest to the free end rotated 30 deg around the element x-
axis. 

d) Similar to a), but with shear deformations included. 
e) Similar to d), but with an offset of the shear centre. 
f) a = b = 0. Shear deformation included. Stress stiffening included. A concentrated axial load of 

1 MN at the free end together with a distributed load in the global Y direction having an intensity of 
2 kN/m at the fixed end and 3 kN/m at the free end.  

In all cases the following results are calculated and compared: 
• The  frequency of the ten (10) lowest natural vibration modes 
• The displacement (translation and rotation) of station 3 and 5 in global coordinates 
• The section force and moment (stress resultants) at node 1 and node 3 in element coordinates 

 

Test case 2. A separate blade 

This test considers the blade separately assuming that the blade is fixed at the root and free at the tip. It is 
assumed that the centre of mass and shear centre coincides with the neutral axis. 

It is noted that the ANSYS model does not completely constrain the axial displacements in the same way that 
is done in the Bladed MB model. This is due to the fact that in Bladed MB, the element axis is not 
necessarily parallel to the pitch axis and hence the local z-axis of the blade structure is not parallel to the 
global z-axis. This difference could have a minor effect on the calculated mode shapes of the blades, 
particular for the higher order modes. 

The lowest modes shapes are calculated and compared with respect to frequency and shape defined in terms 
of the displacements and rotations at the tip and the blade middle. In Bladed Multibody the modes are 
calculated via a Campbell diagram at very low rotor speed and the corresponding mode shapes are 
calculated. In ANSYS the mode shapes are calculated by a linear modal analysis. 

 

Test case 3. A complete wind turbine structure 

This test case considers a complete wind turbine structure consisting of a three bladed rotor supported by a 
tubular steal tower. 
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The lowest modes shapes are calculated and compared with respect to frequency and shape defined in terms 
of the displacements and rotations at characteristic points, i.e. the tower top, the rotor centre and the three 
the tips. 

 
3.4 Results 

Test case 1. A beam modelled by separate prismatic beam elements 

The results of this test case showed that the results from the Bladed Multibody framework and ANSYS is 
identical in this initial case, which verifies the method for defining the ANSYS input parameters. The only 
exception is test case 1f that is considered to be geometrically non-linear in ANSYS, while the Bladed 
Multibody framework applies a linear approach with an explicitly modelled geometric stiffness matrix. 

 

Test case 2. A separate blade 

The main results for test case 2 is given in the table below in terms of five characteristic modes calculated 
by ANSYS and Bladed Multibody. 

From the table it appears that the relative differences between the calculated frequencies of the lowest four 
modes are smaller than 0.2%, which indicates a close agreement between the modes calculated by ANSYS 
and Bladed Multibody. For mode 7, i.e. the torsional mode, the relative difference between the calculated 
frequencies is 0.5%, which still indicates a close agreement between the calculated modes. 

From the table it also appears that the relative differences between the calculated mode shapes are generally 
small for the most significant displacement components. An important exception is that a very large relative 
difference appears for the axial displacement (elongation) and the axial rotation (torsion). It is believed that 
this discrepancy is mainly caused by the fact that the axial displacement is not completely constrained in the 
ANSYS model. 
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1: 1st 
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Test case 3. A complete wind turbine structure 

The main results of test case 3 are given in the table below in terms of the 15 lowest modes calculated by 
ANSYS and Bladed Multibody. In addition the shapes of mode 1 and mode 14 are shown in the figures. 
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The results indicate an excellent agreement between the modes calculated by ANSYS and Bladed Multibody. 
It is, however, surprising that the stated differences between the mode shapes of the separate blade does not 
appear for the 1st symmetric flapwise modes, i.e. mode 3, 4 and 5. 

 

Mode 5: 1st sym flap 6: 1st sym edge 7: 1st asym edge 8: 2nd asym flap 9: 2nd asym flap 

Diff ∆% ∆% ∆% ∆% ∆% 

Freq  0.2 0 0 0.2 0.1 

T
o

w
er

 t
o

p
 

D
is

p
 0 1.4 0  0  1.4 

0  -13 0 0.9 -0.1 

0  0  0  0  0  

R
o

t 

0  0  0  1 0  

0  1 0  0  0.6 

0  0  -1.5 -0.3 0  

R
ot

or
 c

en
tr

e 

D
is

p
 0 -0.9 0  0  0.3 

0  0  5 -0.2 0  

-0.5 1 0  0  0.6 

R
o

t 

0  0  0  0  0  

0  1 0  0  0.6 

0  0  -1.5 -0.2 3.3 

B
la

d
e 

1 
ti

p
 

D
is

p
 0 3.2 -0.7 -1.1 0 

1.5 -13.9 0 -1.4 -1.1 

0.1 7 -0.3 -0.8 0.5 

R
ot

 0.1 -15.1 0.1 -1 1.5 

0.1 3.3 -0.6 -0.9 0.1 

0  -15.1 -1.7 0  -2.2 

B
la

de
 2

 t
ip

 

D
is

p
 0.2 0 -0.7 0 0.4 

0.2 1.2 -2 -0.4 -0.7 

0.3 1.5 -1.8 0.7 0 

R
o

t 

0.3 1.7 -1.6 0.6 0.4 

0.3 0  -2.4 0.2 0.1 

0.3 -0.1 2.9 0.1 0.5 

B
la

d
e 

3 
ti

p
 

D
is

p
 0.2 -3.8 -1.1 0.1 0.1 

0.3 0.2 3.5 -0.2 0 

0.2 0 2.1 5.3 0.1 

R
ot

 0.3 0.1 2 1.2 0.4 

0.3 -1.7 -0.2 0.4 0.1 

0.3 -5.2 -1.2 0.2 0.2 



Document No.: 1042/BR/01 Bladed Multibody Validation Issue:  B Final 

 

Garrad Hassan & Partners Ltd 33 

 

 

Mode 10: 2nd sym flap 11: 2nd lat tower 12: 2nd flap 13: 3rd asym flap  14: 1st in-plane  
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Figure 3.2: Mode shape 2 of the complete wind turbine structure calculated by ANSYS (above) and Bladed (below). 
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Figure 3.3: Mode shape 14 of the complete wind turbine structure calculated by ANSYS (above) and Bladed (below). 
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3.5 Conclusion 

The modal frame component of Bladed Multibody has been tested using a similar structural model 
elaborated by the general purpose FEM package ANSYS. The test includes a case with a separate blade fixed 
at the root as well as a complete wind turbine structure, and it is based on comparing the lowest mode 
shapes calculated by the two software packages. 

The results for the complete wind turbine show an excellent agreement between the 15 lowest modes 
calculated by Bladed Multibody and ANSYS, both with respect to frequency and shape of the modes. 

It is noted that the work does not consider the case, where the centre of mass is offset from the neutral axis 
due to limitation of the applied ANSYS beam element type. 

It is also noted that the work does not include any tests of the non-linear inertia forces that is a significant 
part of the of the modal frame component in Bladed Multibody 
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4 OC3 COMPARISONS AGAINST OTHER CODES 

The Offshore Code Comparison Collaboration (OC3) [2] is an IEA project coordinated by NREL under 
Wind Task 23 “Offshore Wind Energy Technology and Deployment”, Volume II “Technical Research for 
Deeper Water Applications” and involved a group of international participants from universities, research 
institutions and industry across the United States of America, Germany, Denmark, the United Kingdom, 
Spain, the Netherlands, Norway, Sweden and Korea. 

The OC3 project is a benchmarking project looking at the aero-hydro-servo-elastic codes which have been 
developed for modelling the dynamic response of offshore wind turbines.  

Before the completion of the OC3 project, GH performed simulations with a version of Bladed Multibody 
for phase I, modelling a 5MW offshore wind turbine mounted on a monopile support structure. 

Having built the turbine model in the chosen simulation code, the comparison exercise involved carrying 
out a number of load cases involving increasing complexity. The cases ranged from considering the applied 
hydrodynamic and aerodynamic loads separately on a rigid version of the structure to a fully coupled 
simulation involving flexibility of the blades, tower and drive-train; the influence of the controller;  as well 
as dynamic loading from wind and waves. 

  
4.1 Turbine model 

The turbine used in this comparison exercise was the NREL offshore 5-MW baseline turbine [3] mounted 
on a monopile support structure cantilevered at the mud line in water depth of 20m. The turbine is a three-
bladed, variable speed, pitch regulated turbine with a rotor diameter of 126m and a tower height of 90m 
above mean sea level. Figure 4.1 describes the location of the sensors used for the comparison. 

 

Figure 4.1 – Location of sensors on the NREL 5MW turbine 

 
4.2 Modelling situations 
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The full list of simulations performed as part of the project is shown in Table 4.1. The simulations vary in 
complexity: phase 1 consists of a linear model of the structure; phase 2 considers, separately, applied 
aerodynamic and hydrodynamic loads on a rigid structure; phases 3 and 4 add structural flexibility to the 
simulations of phase 2; and phase 5 considers a fully coupled simulation involving aerodynamic and 
hydrodynamic loads, rotor, drive train and support structure motion and the action of the controller. 

 

Phase.Run Simulation Type External conditions 

1.1 Non-rotating full-system natural 
frequencies 

Structural flexibility only, without 
damping; no applied loads 

1.2 
Structural flexibility only, gravitational 
loads only 

2.1a 
Rigid turbine with constant rotor 
speed and fixed blade pitch Steady wind 8m/s 

2.1b 
Rigid turbine with rotor speed 
and blade pitch via controller 2.2 Turbulent wind 11.4m/s 

2.3 Turbulent wind 18m/s 

2.4 

Rigid turbine in standby 

Normal Sea State: Regular Airy, H = 
6m, T = 10s 

2.5 
Normal Sea State: Irregular Airy, Hs = 
6m, Tp = 10s 

2.6 
Normal Wave Height: Stream Function 
(Dean), H = 6m, T = 10s 

3.1 
Flexible Onshore Wind Turbine 

Steady wind 8m/s 

3.2 Turbulent wind 11.4m/s 

3.3 Turbulent wind 18m/s 

4.1 

Parked turbine with rigid rotor 
but flexible support structure 

Normal Sea State: Regular Airy, H = 
6m, T = 10s 

4.2 
Normal Sea State: Irregular Airy, Hs = 
6m, Tp = 10s 

4.3 
Normal Wave Height: Stream Function 
(Dean), H = 6m, T = 10s 

5.1 

Flexible offshore wind turbine 

Steady wind 8m/s with Normal Sea 
State: Regular Airy, H = 6m, T = 10s 

5.2 

Turbulent wind 11.4m/s with Normal 
Sea State: Irregular Airy, Hs = 6m, Tp 
= 10s 

5.3 
Turbulent wind 18m/s with Normal Sea 
State: Irregular Airy, Hs = 6m, Tp = 10s 

Table 4.1   Load cases simulated for Phase I of the OC3 project 
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4.3 Results comparison 

A selection of results is presented here; a wider sample of results is displayed in [2]. The legend for the 
time-series results is given in Figure 4.2. The Bladed Multibody results have been emboldened. 
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Figure 4.2 – Legend for time-series results 

 

Natural frequencies 

Load case 1.2 of the comparison was an analysis of the linearised turbine model, incorporating flexibility of 
the substructure, tower, drive-train and blades without the effects of air and water. The coupled natural 
frequencies of the turbine and support structure were then compared. Figure 4.3 presents the natural 
frequencies of the complete system. Two series are shown for the natural frequencies because, especially 
for the 2nd blade asymmetric flapwise yaw mode, the results differ substantially depending on whether the 
yaw degree of freedom of the support structure has been included in the calculation. For this GH Multibody 
simulation, good agreement is seen for the both cases, with or without the tower torsion mode included. The 
error bars show the standard deviation in frequency between the different codes. The full data-set of natural 
frequencies can be seen in [2] although this only includes the GH Multibody results without tower torsion. 
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Figure 4.3 – Comparison of natural frequencies 

 

 Time-series 

The aerodynamic loads under steady conditions are presented in Figure 4.4. The variation in load over time 
includes effects from wind shear, upflow, rotor tilt and tower shadow. Although there are differences 
between the codes, the overall variation is approximately 5%. Different aerodynamic models are employed 
by the various codes and this is assumed to be the source of the difference. 
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Figure 4.4 – Out-of-plane bending moment, 8 m/s steady wind (load case 2.1a) 

The amplitude of tower loads due to wave loads varies much less (Figure 4.5) and this is due to the 
Morison’s equation being used by all the codes to apply the hydrodynamic loads. Differences in higher 
frequency may be due to differences in damping of transient structural vibrations. 
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Figure 4.5 – Tower base bending moment, regular waves (load case 4.3) 
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 Load spectra 

Analysis of coupled simulations was performed in the frequency domain. In general, Bladed agrees well 
with most of the codes which submitted results although there is a fairly large amount of scatter. 
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Figure 4.6 – power spectrum of blade root flapwise bending moment, turbulent wind and stochastic 
waves (load case 5.2) 

 

1E+5

1E+6

1E+7

1E+8

1E+9

0.0 0.5 1.0 1.5 2.0 2.5
Frequency, Hz

T
ow

e
r b

as
e

 b
en

d
in

g
 m

o
m

e
nt

 

(k
N

m
)2 /H

z

 

Figure 4.7 – power spectrum of tower base bending moment, turbulent wind and stochastic waves 
(load case 5.2) 
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4.4 Conclusion 

Bladed Multibody has been used to create a model of the NREL 5MW turbine with which to perform 
simulations for the IEA’s Offshore Code Comparison Collaboration.  

The results for the complete wind turbine show good agreement with other simulation codes which include 
modal, multibody and finite element structural models. 

The Offshore Code Comparison Collaboration has recently been extended to include phases looking at a 
jacket support structure and a tension leg platform for the same turbine. GH is continuing its participation in 
the code comparison and will shortly submit preliminary results for the jacket support structure.  
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5 COMPLETE LOADSETS 

Complete fatigue and extreme loadsets were carried out in the new multibody version of Bladed and 
compared against loadsets from previous versions of Bladed. In total, five complete loadsets were 
compared, covering a range of different turbine types and configurations: 

• Multi-megawatt, offshore, 3-blade, multi-member support structure, upwind, variable speed, pitch 
regulated 

• Multi-megawatt, onshore, 3-blade, monopile tower, upwind, variable speed, pitch regulated 

• Multi-megawatt, offshore, 3-blade, monopile tower, downwind, variable speed, pitch regulated 

• < 500kW, onshore, 3-blade, monopile tower, upwind, fixed speed, stall regulated 

• ~1 Megawatt, onshore, 2-blade, tethered tower, upwind, variable speed, pitch regulated 

One set of results is presented below. 

 
5.1 Extreme results 

The following graphs plot a comparison of MB Bladed extreme loads against old Bladed, for the various 
Design Load Cases.  
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Figure 5.1 – Combined Blade root loads (GL coordinates) 
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Figure 5.2 – Combined blade root loads (Local coordinates) 
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Figure 5.3 – Blade mid-span loads 
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Figure 5.4 – Hub fixed loads 
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Figure 5.5 – Yaw bearing loads 
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Figure 5.6 – Tower base loads 

 
5.2 Fatigue loads 

The table below presents the 1 Hz damage equivalent load comparison.  

 
 SN Mx (flap) My (edge) Mz (span) Fx (flap) Fy (edge) Fz (span) 

Blade root 4 -1.9% -4.6% -5.0% 0.0% -1.4% 0.1% 

Blade root 10 -1.9% -5.5% -3.8% -1.3% -1.6% 0.0% 

Hub Rot 4 0.0% -2.1% -2.8% -2.1% 0.4% 0.4% 

Hub Fixed 4 0.0% -2.1% -3.3% -2.1% -24.2% -3.5% 

Yaw bearing 4 13.8% 0.3% -3.3% -4.4% -10.3% -10.4% 

Tower base 4 -17.2% -9.6% -3.5% -4.7% -15.3% -10.1% 

In addition, normalised example time history, cycle distribution and auto-spectrum plots are shown below. 
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speed [datum] pitch angle  [datum] speed  [MB] pitch angle  [MB]

Time [s]

0.0000.0050.0100.0150.0200.0250.0300.0350.0400.0450.0500.0550.0600.0650.0700.0750.0800.0850.0900.0950.1000.1050.1100.1150.1200.1250.1300.1350.1400.1450.1500.1550.1600.1650.1700.1750.1800.1850.1900.1950.2000.2050.2100.2150.2200.2250.2300.2350.2400.2450.2500.2550.2600.2650.2700.2750.2800.2850.2900.2950.300

 

speed [datum] pitch angle  [datum] speed  [MB] pitch angle  [MB]

Time [s]

-0.005-0.010-0.015-0.020-0.025-0.030-0.035-0.040-0.045-0.050-0.055-0.060

0.0000.0050.0100.0150.0200.0250.0300.0350.0400.0450.0500.0550.0600.0650.0700.0750.0800.0850.0900.0950.1000.1050.1100.1150.1200.1250.1300.1350.1400.1450.1500.1550.1600.1650.1700.1750.1800.1850.1900.1950.2000.2050.2100.2150.2200.2250.2300.2350.2400.2450.2500.2550.2600.2650.2700.2750.2800.2850.2900.2950.300

 

Figure 5.7 – Example time history of speed and pitch angle 
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Datum MB
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1.0e+06

1.0e+07

1.0e+08

1.0e+09

1.0e+10

1.0e+11

1.0e+12
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Frequency

1.0e+05

1.0e+06

1.0e+07

1.0e+08

1.0e+09

1.0e+10

1.0e+11

1.0e+12

1.0e+13

 

Datum MB

Frequency

1.0e+03

1.0e+04

1.0e+05

1.0e+06

1.0e+07

1.0e+08

1.0e+09

 

Figure 5.8 – Auto spectra for Blade root flap, edge and spanwise bending moment 
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Datum MB

Frequency

1.0e+06

5.0e+12

1.0e+07

1.0e+08

1.0e+09

1.0e+10

1.0e+11

1.0e+12

 

Datum MB

Frequency

6.0e+10

1.0e+04

1.0e+05

1.0e+06

1.0e+07

1.0e+08

1.0e+09

1.0e+10

 

Figure 5.9 – Auto spectra for Hub rotating Mx, My, Fx 
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Figure 5.10 – Auto spectra for Yaw bearing Mx, My, Mz 
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Figure 5.11 – Auto spectra for Tower base Mx, My, Mz 
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Datum MB

Cumulative cycles [.]

0.000.060.120.180.240.300.360.420.480.540.600.660.720.780.840.900.961.021.081.141.201.261.321.381.441.501.561.621.681.741.801.861.921.982.042.102.162.222.282.342.402.462.522.582.642.702.762.822.882.943.003.073.133.193.253.313.373.433.493.553.613.673.733.793.853.913.974.034.094.154.214.274.334.394.454.514.574.634.694.754.814.874.934.995.055.115.175.235.295.355.415.475.535.595.655.715.775.835.895.956.01

 

Datum MB

Cumulative cycles [.]

0.0030.0060.0090.00120.00150.00180.00210.00240.00270.00300.00330.00360.00390.00420.00450.00480.00510.00540.00570.00600.00630.00660.00690.00720.00750.00780.00810.00840.00870.00900.00930.00960.00990.001020.001050.001080.001110.001140.001170.001200.001230.001260.001290.001320.001350.001380.001410.001440.001470.001500.011530.011560.011590.011620.011650.011680.011710.011740.011770.011800.011830.011860.011890.011920.011950.011980.012010.012040.012070.012100.012130.012160.012190.012220.012250.012280.012310.012340.012370.012400.012430.012460.012490.012520.012550.012580.012610.012640.012670.012700.012730.012760.012790.012820.012850.012880.012910.012940.012970.013000.01

 

Datum MB

Cumulative cycles [.]

0.00600.001200.001800.002400.003000.003600.004200.004800.005400.006000.006600.007200.007800.008400.009000.009600.0010200.0010800.0011400.0012000.0012600.0013200.0013800.0014400.0015000.0015600.0016200.0016800.0017400.0018000.0018600.0019200.0019800.0020400.0021000.0021600.0022200.0022800.0023400.0024000.0024600.0025200.0025800.0026400.0027000.0027600.0028200.0028800.0029400.0030000.0030600.0031200.0031800.0032400.0033000.0033600.0034200.0034800.0035400.0036000.0036600.0037200.0037800.0038400.0039000.0139600.0140200.0140800.0141400.0142000.0142600.0143200.0143800.0144400.0145000.0145600.0146200.0146800.0147400.0148000.0148600.0149200.0149800.0150400.0151000.0151600.0152200.0152800.0153400.0154000.0154600.0155200.0155800.0156400.0157000.0157600.0158200.0158800.0159400.0160000.01

 

Figure 5.12 – Cumulative cycles for Blade root flap, edge and spanwise bending moment 

 



Document No.: 1042/BR/01 Bladed Multibody Validation Issue:  B Final 

 

Garrad Hassan & Partners Ltd 59 

 

 

Datum MB

Cumulative cycles [.]

0.0012.0024.0036.0048.0060.0072.0084.0096.00108.00120.00132.00144.00156.00168.00180.00192.00204.00216.00228.00240.00252.00264.00276.00288.00300.00312.00324.00336.00348.00360.00372.00384.00396.00408.00420.00432.00444.00456.00468.00480.00492.00504.00516.00528.00540.00552.00564.00576.00588.00600.01612.01624.01636.01648.01660.01672.01684.01696.01708.01720.01732.01744.01756.01768.01780.01792.01804.01816.01828.01840.01852.01864.01876.01888.01900.01912.01924.01936.01948.01960.01972.01984.01996.011008.011020.011032.011044.011056.011068.011080.011092.011104.011116.011128.011140.011152.011164.011176.011188.011200.01

 

Datum MB

Cumulative cycles [.]

07000014000021000028000035000042000049000056000063000070000077000084000091000098000010500001120000119000012600001330000140000014700001540000161000016800001750000182000018900001960000203000021000002170000224000023100002380000245000025200002590000266000027300002800000287000029400003010000308000031500003220000329000033600003430000350000035700003640000371000037800003850000392000039900004060000413000042000004270000434000044100004480000455000046200004690000476000048300004900000497000050400005110000518000052500005320000539000054600005530000560000056700005740000581000058800005950000602000060900006160000623000063000006370000644000065100006580000665000067200006790000686000069300007000000

 

Datum MB

Cumulative cycles [.]

0300060009000120001500018000210002400027000300003300036000390004200045000480005100054000570006000063000660006900072000750007800081000840008700090000930009600099000102000105000108000111000114000117000120000123000126000129000132000135000138000141000144000147000150000153000156000159000162000165000168000171000174000177000180000183000186000189000192000195000198000201000204000207000210000213000216000219000222000225000228000231000234000237000240000243000246000249000252000255000258000261000264000267000270000273000276000279000282000285000288000291000294000297000300000

 

Figure 5.13 – Cumulative cycles for Hub Mx, My, Fx 
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Datum MB

Cumulative cycles [.]

0.000.010.030.040.060.070.080.100.110.130.140.150.170.180.200.210.220.240.250.270.280.290.310.320.340.350.360.380.390.410.420.430.450.460.480.490.500.520.530.550.560.570.590.600.620.630.640.660.670.690.700.710.730.740.760.770.780.800.810.830.840.850.870.880.900.910.920.940.950.970.980.991.011.021.041.051.061.081.091.111.121.131.151.161.181.191.201.221.231.251.261.271.291.301.321.331.341.361.371.391.40

 

Datum MB

Cumulative cycles [.]

0.000.060.120.180.240.300.360.420.480.540.600.660.720.780.840.900.961.021.081.141.201.261.321.381.441.501.561.621.681.741.801.861.921.982.042.102.162.222.282.342.402.462.522.582.642.702.762.822.882.943.003.073.133.193.253.313.373.433.493.553.613.673.733.793.853.913.974.034.094.154.214.274.334.394.454.514.574.634.694.754.814.874.934.995.055.115.175.235.295.355.415.475.535.595.655.715.775.835.895.956.01

 

Datum MB

Cumulative cycles [.]

0.000.050.100.150.200.250.300.350.400.450.500.550.600.650.700.750.800.850.900.951.001.051.101.151.201.251.301.351.401.451.501.551.601.651.701.751.801.851.901.952.002.052.102.152.202.252.302.352.402.452.502.562.612.662.712.762.812.862.912.963.013.063.113.163.213.263.313.363.413.463.513.563.613.663.713.763.813.863.913.964.014.064.114.164.214.264.314.364.414.464.514.564.614.664.714.764.814.864.914.965.01

 

Figure 5.14 – Cumulative cycles for Yaw bearing Mx, My, Mz 
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Datum MB

Cumulative cycles [.]

0.000.300.600.901.201.501.802.102.402.703.003.303.603.904.204.504.805.105.405.706.006.306.606.907.207.507.808.108.408.709.009.309.609.9010.2010.5010.8011.1011.4011.7012.0012.3012.6012.9013.2013.5013.8014.1014.4014.7015.0115.3115.6115.9116.2116.5116.8117.1117.4117.7118.0118.3118.6118.9119.2119.5119.8120.1120.4120.7121.0121.3121.6121.9122.2122.5122.8123.1123.4123.7124.0124.3124.6124.9125.2125.5125.8126.1126.4126.7127.0127.3127.6127.9128.2128.5128.8129.1129.4129.7130.01

 

Datum MB

Cumulative cycles [.]

0.000.350.701.051.401.752.102.452.803.153.503.854.204.554.905.255.605.956.306.657.007.357.708.058.408.759.109.459.8010.1510.5010.8511.2011.5511.9012.2512.6012.9513.3013.6514.0014.3514.7015.0515.4015.7516.1016.4516.8017.1517.5017.8618.2118.5618.9119.2619.6119.9620.3120.6621.0121.3621.7122.0622.4122.7623.1123.4623.8124.1624.5124.8625.2125.5625.9126.2626.6126.9627.3127.6628.0128.3628.7129.0629.4129.7630.1130.4630.8131.1631.5131.8632.2132.5632.9133.2633.6133.9634.3134.6635.01

 

Datum MB

Cumulative cycles [.]

0.000.050.100.150.200.250.300.350.400.450.500.550.600.650.700.750.800.850.900.951.001.051.101.151.201.251.301.351.401.451.501.551.601.651.701.751.801.851.901.952.002.052.102.152.202.252.302.352.402.452.502.562.612.662.712.762.812.862.912.963.013.063.113.163.213.263.313.363.413.463.513.563.613.663.713.763.813.863.913.964.014.064.114.164.214.264.314.364.414.464.514.564.614.664.714.764.814.864.914.965.01

 

Figure 5.15 – Cumulative cycles for Tower base Mx, My, Mz 
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5.3 Conclusion 

The comparisons carried out have shown in general good agreement between the previous version of 
Bladed and the new multibody version. There are a number of differences including: 

• Coupled flap and edgewise blade modes tend to increase the damping in the edgewise direction and 
reduce edgewise fatigue loads, particularly towards the outer part of the blade. The change from 
rotor modes to blade modes is one of the major advantages of the new structural model. This not 
only allows for the correct multi-directional mode shape but also means individual blade modes are 
modelled correctly for start up and shut down cases as well as cases where the blade pitch angle is 
different for different blades, for example in individual pitch control or fault cases. 

• Full modelling of the inertial effects of the blade pitching motion has made a change to the pitching 
moment loads. Along with the more detailed description of the blade comes a rigorous modelling of 
the effects of various axis offsets defined in the blade. Previous versions of Bladed did not include 
the contribution of the mass offset from the pitch axis to the inertial loading, and for certain pitch 
actuator models did not include the effect of pitching acceleration on the output loads. 

• Modified coordinate system for blade output loads. In previous versions of Bladed, the z-axis was 
always parallel to the pitch axis, irrespective of the local bending of the blade. In the new multibody 
version, the z-axis runs along the local blade element, so the output coordinate system rotates with 
the bending of the blade. 

• Small changes in dynamics can have a large effect for lightly damped modes such as the drive train 
system. The change in structural dynamics model has inevitably caused some changes to the overall 
system frequencies as the coupling model between different turbine components has changed. In 
some cases where the exact system frequency is important, such as the drive train frequency which 
is damped out by a drive train damper in the controller, this frequency may move sufficiently to 
produce significantly different loads. In this case a slight re-tune of the turbine controller may be 
required. 
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6 COMPARISON AGAINST MEASUREMENTS 

An important way to validate the code is by comparing simulation results against measured data from a real 
turbine.  While this can be seen as the ‘ultimate test’ of validity, it is difficult to achieve for two main 
reasons.  Firstly, it is virtually impossible to measure the incident wind flow over the whole rotor in 
sufficient detail to be able to input it into a simulation, and secondly there are always uncertainties about the 
real physical characteristics of the turbine. 

This section presents an attempt to validate the model against real measurements from the CART2 research 
turbine at NREL in Colorado [4].  The measurements were obtained for the purpose of testing two advanced 
control features, individual pitch control and fore-aft tower damping [5]. 

 
6.1 The CART2 turbine 

The CART2 is a 600 kW variable speed, pitch regulated, two-bladed, teetered hub turbine with a rotor 
diameter of 42.67m and 36.85m hub height.  For the purposes of the controller tests, the teetered hub was 
locked by a friction brake; however some slipping of the teeter brake was observed during the 
measurements. 

A Bladed model was set up based on data supplied by NREL.  Four blade modes and ten tower modes were 
modelled, which is sufficient to include the main fore-aft, side-side and torsional modes of the tower, and 
flapwise and edgewise blade modes up to over 12 Hz.  Blade torsional dynamics were not included, and 
some of the blade structural details were omitted in this comparison, such as the distributed moments of 
inertia, shear stiffness, and the small difference between aerodynamic and structural twist.  A teetered hub 
was modelled, complete with stick-slip friction for the teeter brake. 

The mass and stiffness parameters were provided by NREL.  It should be noted however that many of these 
parameters were not well known and have been “tuned” by NREL following analysis of site measurements 
of modal frequencies and comparison against their own structural dynamics codes. 

A few assumptions were required because limited information was available a priori: 
 

• Shaft torsional damping: originally an assumed value of 0.5% of critical damping for this mode was 
assumed, since the actual damping of the transmission system is notoriously difficult to estimate.  
However the measurements indicated that the actual damping is lower – see below. 

• Teeter brake friction: the friction was not known, so it was roughly estimated from the maximum values 
of measured blade root bending moments: a value of 140 kNm was assumed. 

• In the absence of detailed information, a simple passive pitch actuator model was used, consisting of a 
0.0167s first order lag on pitch rate demand with +18º/s pitch rate limits.  The time constant was 
provided by NREL based on their own observations. 

• No information about rotor imbalance was available; some different kinds of imbalance effects were 
investigated. 
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The external controller DLL was carefully configured to match the actual controller which was running on 
the turbine during the tests. 

Figure 6.1 shows a Campbell diagram for the turbine, calculated at 45 degrees azimuth angle with the teeter 
hinge locked.  The descriptions of the coupled modes are of limited value, but attempt to show the main 
degrees of freedom involved. The modal frequencies listed are at the nominal rotational speed of 41.7 rpm. 

 
 

Modal descriptions attempt to give principal contributions but others are also important.  Abbreviations: 
a/s: antisymmetric, sym: symmetric, f/a: fore-aft, s/s: side to side. 

 

Tower f/a & s/s: 0.88 Hz 

Flap: 2.06 & 2.27 Hz 

Shaft torsion / edge sym: 3.36 

Edge a/s: 4.18 Hz 
Flap a/s: 5.05 Hz 
Flap sym: 5.91 Hz 

Tower torsion / flap: 6.98 Hz 
Tower f/a & ss: 0.88 Hz Tower f/a / flap: 7.96 Hz 

Tower s/s / flap: 9.31 Hz 

Edge a/s: 10.82 Hz 

Flap: 12.44 & 12.84 Hz 

Figure 6.1: Campbell diagram 
 

Also at 41.7 rpm the blade passing frequency and multiples are: 

 

1P 0.695 Hz 
2P 1.390 Hz 
3P 2.085 Hz 
4P 2.780 Hz 
5P 3.475 Hz 
6P 4.170 Hz 
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6.2 The NREL site 

The NREL test site is located north of Denver, Colorado, very close to the front range of the Rocky 
Mountains.  During the tests the winds blew from the West, i.e. coming from the mountains.  Because of the 
proximity of the mountains, the wind regime is known to be somewhat untypical. 

 
6.3 Selection of measured datasets 

Four measured datasets were used to compare against simulations.  For simplicity, the same four datasets 
were selected as were described for the controller tests reported in [5].  The datasets are listed in Table 6.1: 
the dataset name indicates the date and time of capture and whether the advanced controller features were 
ON or OFF.  The wind speed, direction and turbulence intensity are as measured at hub height (36.6m) on 
the meteorological mast situated two diameters from the turbine in the direction 292º, i.e. almost exactly 
upwind of the turbine during these tests.   

  

 

Dataset 

Mean wind 
direction 

(deg) 

Mean wind 
speed (m/s) 

Turbulence 
intensity 

(%) 
02050253OFF 276.698 16.3807 15.95 
02050340OFF 284.246 12.4217 21.55 
02020007ON 277.872 12.0926 20.70 
02050317ON 289.563 15.481 18.47 

Table 6.1: Measured datasets used for comparison against simulations 

The datasets were 10 minutes in length, and sampled at 100 Hz. 

 
6.4 Assumptions about wind conditions 

For each measured dataset, a simulation was carried out in which the wind conditions were matched as 
closely as possible to the measured conditions.  This was done as follows. 

Bladed includes the facility to generate 3-D turbulence files which are matched to the measured conditions 
at one point.  The measured met mast wind speed and direction at 36.6m height was used to define the 
longitudinal and lateral components of wind speed at the rotor centre.  Bladed than calculated a wind field 
having the same longitudinal and lateral components at the hub position, by synthesising these two 
components at all other points, and the vertical component at every point, in accordance with the selected 
turbulence model.  This means that the wind speed variations at each point are correlated with each other as 
a function of separation distance and frequency in accordance with the coherence model, and the vertical 
component additionally is consistent with the defined spectrum of vertical turbulence.  The spectrum of the 
longitudinal and lateral components is defined by the measured hub height time histories.  No correction 
was made for rotor induction, because two diameters upstream this should be small. 
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The Kaimal spectral model adjusted for IEC edition 3 was used initially, using the following parameters: 

Λ = 0.7 * hub height = 25.795m 

xLu = 8.1Λ = 208.94m 

xLv = 2.7 = 69.65m 

xLw = 0.66Λ = 17.025m 

Coherency scale parameter = xLu 

Coherence decay constant, H = 12. 

The mast had anemometers at four heights: 3, 15, 36.6 and 58.2m.  No attempt was made to estimate the 
vertical coherence from the time histories at the four heights.  In any case no information was available 
about lateral coherence.  Although xLu and xLv are not important because the measured data was used to 
define the longitudinal and lateral component spectra, the value of Λ defines the vertical spectrum; but 
again no attempt was made to estimate this from the data. 

As explained below, the coherence decay constant H was subsequently adjusted. 

For each dataset, the 10-minute mean wind speeds from all four met mast anemometers were used to define 
the shear profile for the simulations as a user-defined look-up table. 

 
Height (m) 02050253OFF 02050340OFF 02020007ON 02050317ON 

58.2 1.0426 1.0622 1.0378 1.0671 
36.6 1 1 1 1 
15 0.9229 0.8905 0.9311 0.8826 
3 0.7984 0.7224 0.8186 0.7045 

Table 6.2: Shear profiles for the four datasets 

 
6.5 Initial comparisons and adjustments 

Using the above assumptions, some initial simulations were carried out, as a result of which certain changes 
to the assumptions were made before the final runs.  Figure 6.2 shows a comparison of measured and 
simulated spectra of low speed shaft torque spectra for dataset 02050340OFF.  Two significant differences 
are immediately observed: firstly the peak corresponding to the drive train torsional resonance at 3.4 Hz is 
higher in the measured data, suggesting that the damping of this mode has been over-estimated, which is 
quite possible as this is a very difficult quantity to estimate; and secondly that the 2P excitation peak at 1.39 
Hz and harmonics at multiples of this frequency are higher than measured, suggesting that the simulated 
wind field contains higher variations in wind speed across the rotor plane than were present in the field. 
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Figure 6.2: Initial comparison of shaft torque spectra (dataset 02050340OFF) 

 

These discrepancies were tackled firstly by adjusting the assumed torsional damping of the drive train, and 
secondly by modifying the coherence properties of the simulated wind field.  A reduction in torsional 
damping from 0.5% to 0.35% gave a much better fit to the torsional resonance peak, and an increase in the 
cross-wind coherence (by reducing the coherence decay constant, H) had the effect of reducing the peaks at 
multiples of the blade passing frequency.  These improvements are shown in Figure 6.3, where H was 
reduced from 12 down to 2.5, and then further to 1.0. The peaks fit best with the highest coherence (H=1.0), 
but the figure also shows that as the coherence increases there is a reduction of energy at the high 
frequencies and an increase at the low frequencies, leading to a poorer match to the measured data in these 
regions.  This suggests that still better agreement could probably be achieved by further adjustment of the 
wind coherence model.  The final case in Figure 6.3 uses the ‘improved von Karman’ or ESDU model, 
calculated for latitude 40º as appropriate for Denver, with a surface roughness of 0.2m which gives 
approximately the correct turbulence intensity (20.5%).  In all cases the agreement is much better than in 
Figure 6.2.  The von Karman model still overestimates the blade passing effect a little but provides better 
agreement elsewhere.  No doubt the agreement could be improved further by further adjustments to the 
coherence model, but for the remainder of the simulations the von Karman model as defined above was 
used.  The same surface roughness was used for all cases, with no attempt to tune this to the precise 
turbulence intensity of each measured dataset. 

Note that the calculation of fatigue loading is particularly sensitive to the turbulence model adopted.  
Figure 6.4 shows the significant variations which can occur purely as a result of changing the turbulence 
model.  While the von Karman model fits best for the tower base My, the Kaimal (H=2.5) model fits the 
yaw moment spectrum better. 
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Measured Kaimal, H=2.5 Kaimal, H=1.0 von Karman
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Figure 6.3: Effect of coherence model on torque spectrum (dataset 02050340OFF) 
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Figure 6.4: Effect of coherence model on rainflow cycle exceedance (dataset 02050340OFF) 

 

Two other major differences are observed between some of the measured and simulated results.  One is 
inevitably the presence of noise on the measured signals, and the other is the effect of a degree of imbalance 
which is clearly present on the real turbine.  The signal noise is easily identified in the spectrum of the 
signal, which flattens off to a constant level at high frequency in the presence of white noise.  Two obvious 
examples are shown in Figure 6.5, which are the generator speed and electrical power signals from run 
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02050340OFF (the generator speed signal must have been faulty at this time because the noise level is 
much lower in the other three datasets).   
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Figure 6.5: Effect of signal noise (dataset 02050340OFF) 

Imbalance is demonstrated by the presence of a 1P peak in certain loads, notably the non-rotating shaft 
loads (estimated by transformation of the blade root loads) and the tower base side-side bending moment.  
This was noticed in the controller evaluation reported in [5], and tentatively blamed on slippage of the teeter 
brake: this causes the teeter to stick at non-zero angles from time to time, causing a 1P imbalance effect.  
However, the simulations now include teeter brake slippage as demonstrated below, and this does not 
appear sufficient to explain the extent of the observed imbalance effect.  Other possible causes of imbalance 
might be: 

 
• Differences in mass properties between the two blades 
• Differences in structural properties between the two blades 
• Differences in aerodynamic properties between the two blades 
• Other mass imbalance (e.g. in the hub) 
• An offset in the pitch angle of one blade 
• An azimuthal offset, such that the two blades are not exactly 180º apart. 

Calibration errors in blade root load sensors might lead to an apparent 1P effect in the derived non-rotating 
hub loads, but this could not explain the large 1P peak in the tower base side-side bending moment, which 
must be a real effect. 

Any of these effects could in principle be modelled using Bladed multibody.  There could be almost 
unlimited scope for postulating differences in the distributed blade mass, structural and aerodynamic 
properties.  The overall mass imbalance and the pitch and azimuth imbalances are much more 
straightforward to investigate.  Simulations showed that a pitch imbalance could explain the 1P peak in 
tower Mx, while an azimuthal imbalance could explain the 1P peak non-rotating hub loads.  However the 
azimuthal imbalance also has the effect of causing a mass imbalance, so an opposing mass imbalance had to 
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be added to compensate this otherwise new 1P peaks would appear in other loads such as the shaft torque 
which were not observed in the measurements. 

As shown in Figure 6.6, the following combination of postulated imbalance effects was found to match the 
observed imbalance effects reasonably well, although they are rather large: 

 
Out of balance mass 425.2 kg 
Radius of out of balance mass 2.519 m 
Azimuthal position of out of balance mass -88 deg 

 

 
Error in Blade Set 

Angle (deg) 
Error in Pitch Angle 

(deg) 
Error in Blade Azimuth 

(deg) 
Blade 1 4 0 4 
Blade 2 0 0 0 

This does not constitute any proof that these particular imbalances are in fact present.  Nevertheless they 
have been included in the subsequent simulations, as they do appear to explain the observations reasonably 
well. 
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Figure 6.6: Effect of imbalance (dataset 02050340OFF) 
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Figure 6.7 compares teeter angle time histories for dataset 02050340OFF, to demonstrate that the stick-slip 
behaviour of the teeter hinge is realistically modelled.  As with all the asymmetrical loads, the time histories 
cannot be expected to match in detail because although the hub wind speeds are matched between 
measurement and simulation, the teeter behaviour is driven by the differential turbulence across the rotor, 
for which measured time history information is not available.  Also there is a mean offset in the simulation 
due to the effect of the pitch imbalance described above, which is likely to have been calibrated out in the 
measured data. Otherwise the characteristics are similar between measured and simulated traces: both show 
the teeter sticking at a small angle and occasionally slipping to a different angle, punctuated by the 
occasional burst of actual teetering against the brake friction (incidentally the latter effect does not occur in 
the two ‘ON’ cases where the individual pitch control reduces the teeter moment to such an extent that the 
brake hardly ever slips). 
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Figure 6.7: Teeter behaviour – dataset 02050340OFF 

 
6.6 Analysis of results 

Some example time history plots are shown in Figure 6.8.  These are for dataset 02050340OFF, and show 
(at least for those variables which are more affected by the average wind speed over the rotor than by wind 
speed differences across the rotor) that the general agreement is very good.  A time shift is clearly visible, 
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corresponding to the time taken for the wind speed measured at the met mast, which was used in the 
simulations, to reach the actual turbine. 

Even for these variables however, the actual performance is affected by the wind speeds over the whole 
rotor, which could not be measured.  Other variables such as blade and hub loads (and teeter angle as 
already shown), are even more affected by the distributed wind field.  Therefore the comparison of time 
histories is of limited value and further comparisons have been done in terms of statistically derived 
quantities, in particular frequency spectra and rainflow cycle counts. 
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Figure 6.8: Example time histories – dataset 02050340OFF 

Spectral comparisons (up to 10 Hz) of the most important loads and other variables are presented in Figure 
6.9 to Figure 6.12, and rainflow cycle exceedance plots are given in Figure 6.13 to Figure 6.15. 

Note that some of the measured loads were not directly measured, and therefore do not correspond exactly 
to the simulated loads: 
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• Rotating hub My: the ‘measured’ load is obtained from the measured flapwise and edgewise blade root 
moments on the two blades, resolved into the out of plane direction using the measured pitch angle, to 
obtain the two blade root My moments which are then combined.  This ignores the effect of blade root 
shear forces and also the inertial forces due to accelerations of the hub mass and inertia (effects which 
are included in the simulated load). 

• Nod and Yaw moments: the same two blade root My moments are resolved into non-rotating co-
ordinates using the measured azimuth angle.  Again this ignores shear forces and hub inertial forces.  
For the simulated results the non-rotating hub moments are used. 

• Tower base moments: these have been resolved into fore-aft and side-side directions using the 
measured yaw position (this signal was very noisy with large spikes, and had to be cleaned before use). 

 In general a very good level of agreement is demonstrated, bearing in mind especially the uncertainties of 
modelling the wind field.  Clearly there are some discrepancies, but in most cases this is likely to be due to 
the uncertainties about the wind field.  The following points can perhaps be highlighted (ignoring the effect 
of signal noise which has already been mentioned): 

 
• Spectra of rotor and generator speed, shaft torque and power show excellent agreement. 
• The 1P individual pitch action is well predicted as shown in the pitch rate spectra for the ‘ON’ cases.  

An otherwise noisy response in the measurements may be due to the unmodelled details of the pitch 
actuation system. 

• Teeter rate spectra agree very well (bearing in mind that there was almost no teetering in the ‘ON’ 
cases. 

• Spectra of blade root flapwise and edgewise moments (only blade 1 is shown) agree very well with 
some minor differences.  The measured flapwise loads show a slight peak around 5.6 Hz, which 
corresponds to 8P.  The simulation shows less response of the edgewise moment at the drive train 
frequency at 3.4 Hz and more at the antisymmetric edgewise mode frequency at 4.2 Hz.  The latter 
frequency corresponds very closely with the 6P forcing frequency, which will be sensitive to the wind 
field structure.  Note also that no attempt has been made to adjust the modal damping, for which a 
standard value has been used. 

• Good agreement is seen between the spectra of rotating and non-rotating shaft moments, including the 
effect of individual pitch control on the rotating 1P peak and the non-rotating 2P peak.  As the spectra 
fall off at higher frequencies, the measured data shows more pronounced dips between the peaks. 

• The tower base Mx spectra agree very well at low frequency, but the measured spectra fall away more 
above 4Hz.  Simulations also show a bit more response at the drive train frequency. 

• The tower base My spectra also agree well at low frequency, although the simulations show more 
activity at 1P.  This is undoubtedly due to the way in which the imbalance was modelled – clearly more 
work would be required to pinpoint more exactly the actual sources of imbalance. The simulations also 
show a bit more response around 4.8 Hz and also particularly at the 8 Hz tower mode, which does not 
seem to be excited at all in the real turbine. 

The rainflow cycle exceedance plots indicate how well the fatigue loads would be predicted.  The plots are 
particularly sensitive to details of the wind field.  Nevertheless the agreement is generally very good, and 
any differences can easily be explained by the turbulence model as Figure 6.4 shows.  The following points 
can be highlighted: 
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• Blade flapwise and edgewise moments mostly show excellent agreement.  For the ‘ON’ cases only, 

some difference in the edgewise moments appears.  This may conceivably suggest the need for some 
adjustment of the aerodynamic model to account fully for the effects of rapid pitching on the 
aerodynamic response. 

• Shaft and tower moments show very good agreement, sometimes better for some datasets, sometimes 
for others, further emphasising the sensitivity to turbulence structure.  The shaft bending moments show 
a cut-off around 300 kNm which is due to the assumed teeter hinge friction level – in reality the 
moments often exceed these values, indicating that the friction characteristic of the teeter brake is rather 
variable in practice. 
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Figure 6.9: Comparison of measured and simulated spectra 
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Figure 6.10: Comparison of measured and simulated spectra 
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Figure 6.11: Comparison of measured and simulated spectra 
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Figure 6.13: Comparison of measured and simulated rainflow cycle exceedance plots 
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Figure 6.14: Comparison of measured and simulated rainflow cycle exceedance plots 
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Figure 6.15: Comparison of measured and simulated rainflow cycle exceedance plots 
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6.7 Conclusions 

Simulations have been carried out for the CART2 wind turbine for comparison against some measured 
10-minute datasets which was available from another project.  Point-by-point validation is never 
possible because it is impractical to measure the whole approaching wind field in the detail required.  
Simulated wind fields were used which matched the measured wind speed and direction at hub height 
as measured at an anemometer two diameters upstream.  The mean shear profile for each dataset was 
also matched, but the detailed structure and coherence of the wind field could not be known. 

The measured and simulated results were compared by means of spectral analysis, and also using 
rainflow cycle counting to give an indication of fatigue loading.  Excellent agreement was obtained 
overall.  The spectral peaks representing structural resonances corresponded very closely with the 
predicted frequencies of the coupled system modes.  The heights of the peaks, representing the amount 
of excitation, also corresponded well in most cases: this depends on the assumed structural damping, 
which is never easy to ascertain, and especially for resonances close to forcing frequencies at multiples 
of the blade passing frequency it is also sensitive to the assumed structure of turbulence.  The assumed 
shaft torsional damping was adjusted to match the measurements, but no attempt was made to match 
the assumed blade and tower modal damping factors.  Several different models were tried to represent 
the unmeasured details of the turbulence structure, and these gave a range of results which was wide 
enough to explain any differences between the measured and simulated rainflow cycle exceedance 
plots. 
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