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behavior as the whirl modes frequencies split up with not just ±1P, but
also multiple P frequencies, see Fig 1. The explanation is that the twobladed rotor has asymmetric properties depending on the azimuth angle
as the global rotor inertia and therefore the global standstill turbine
frequencies differ with respect to the azimuth angle. This was first
observed in the numerical studies in (Kim et al., 2014), where it was
also seen that a tower frequency component ±2P is present. As these
results have so far only been observed in numerical studies, an
experimental study has now also been performed, in order to validate
the previous numerically derived conclusions. An experimental model
turbine has been produced with structural properties directly scaled
from the full scale 3.6MW turbine using the method of Froude scaling
(Jaint et al, 2012). The natural frequencies are compared between the
full and the scaled turbine with good agreement.

ABSTRACT
In this paper the dynamics of a two-bladed turbine is investigated
numerically as well as experimentally with respect to how the turbine
frequencies change with the rotor speed. It is shown how the turbine
frequencies of a two-bladed rotor change with the azimuthal position at
standstill and how the frequencies start whirling during rotor rotation.
The whirling for two-bladed rotors change with multiple P
contributions and not only ±1P as is previously seen for three-bladed
wind turbine rotors. A three-bladed turbine was also analyzed in similar
way and results were compared. This turbine was investigated both in a
perfect isotropic condition where all blades have identical properties as
well as an imbalanced edition where one blade had increased mass.

KEY WORDS: Wind turbine; Dynamics; Experiment; Imbalanced
rotor; Campbell; Whirling; Two blades; Three blades.

INTRODUCTION
In the search for more cost-effective wind energy, two-bladed turbines
seem to have gained a renewed interest. This is exemplified by the new
3.6MW size of two-bladed offshore wind turbine with partial pitched
blades by Envision. A prototype of this turbine has been erected at
Thyborøn in Denmark, where it has been tested since September 2012.
One of the main drivers for this concept is a potential to reduce extreme
tower bottom loads in storm situations by up to 60% compared with a
similar three-bladed wind turbine. For both two- and three-bladed
turbines it is of utmost importance to be able to predict the structural
frequencies at both standstill and operation as significantly increased
vibration levels can occur if an unfortunate resonance between the load
input frequencies and a low damped structural vibration mode occurs.
In a previous study (Kim et al., 2014) loads and dynamics were
compared between a two- and three-bladed configuration based on
numerical simulations. From this study it was observed that the rotor
whirl mode frequencies change differently with respect to rotor speed
for two- and three-bladed rotors, respectively. For both concepts, the
frequency of asymmetric rotor modes change mainly with the rotor
speed (±1P) which is well known with respect to three-bladed turbines
and rotors in general (Hansen, 2007) (Swanson, 2005). However for the
two-bladed rotor, the split in frequencies differed from the normal disc

Fig 1. Numerical results from (Kim et al., 2014). Campbell diagram of
turbine frequencies during rotation for the two-bladed 3.6MW
Envision turbine. Whirl modes are split with 1, 2, …, nP. Top: Full
overview. Bottom, zoom view at lowest frequencies.
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TEST TURBINE CONFIGURATION AND EXPERIMENTAL
SETUP
A downscaled model of the 3.6MW Envision turbine was created. As
the point of interest is mainly on the structural dynamics, the
aerodynamic properties were configured to create as small impact as
possible. The structural properties was scaled based on Froude scaling
where the ratio between gravity and inertial loads are kept constant
(Jaint et al., 2012). Furthermore, the design was simplified from a
practical point of view. The most essential part was the placement of
the lowest turbine frequencies at standstill, and that the structural
damping was as low as possible. The natural frequencies of the full
scaled turbine, Froude scaled turbine (target frequency), and the
numerical model used in this study are shown in Table 1.
Table 1. Natural frequency comparisons (target versus simulated
frequency).
Actual (1:75)
Full size turbine
Target (1:75)
Mode
(simulated)
1st tower
0.23Hz
1.99Hz
2.09 Hz
1st flap

0.69 Hz

5.98Hz

6.1 Hz

1st edge

1.08 Hz

9.35Hz

9.85 Hz

Fig. 3: Model turbine in two-bladed configuration (left) and three-bladed
configuration (right).
The blades were created in a simple way using aluminum bars with a
rectangular cross section with dimensions 5×8 mm. In this way, it was
ensured that the ratio between flap- and edgewise frequency agreed
with the target values shown in Table 1. However, during the first test
runs it was seen that the turbine was instable with respect to flapwise
blade vibrations even for rather modest rotor speeds. The reason for
these vibrations was most likely vortex induced vibration caused by the
rectangular aerodynamic shape. To destroy the coherent vortex
structure it was decided to twist a wire around the blades. This seemed
to be a very efficient solution and the blades were therefore configured
with wires in all the experiments, see Fig. 4. The diameter of the wire
was 1mm.

The final design consisted of blades made of simple prismatic
aluminum bars of the dimension 5×8mm. The rotor diameter is 1640
mm. The tower was made out of a circular aluminum bar with a height
of 1600mm and a diameter of 16mm. In order to fulfill the Froude
scaling, the nacelle properties had to be with a low weight and it was
decided to use a gearmotor also as the load carrying part of the nacelle.
As the gearmotor was DC connected, the rotor speed could be varied
from 0-150rpm by varying the voltage over the motor with a linear
relation. A special aluminum mounting block was created, where the
rotor tower distance could be varied. The hub was also made as a
simple aluminum structure to which the blades were mounted with
simple screw connections, see Fig. 2. Due to the layout pattern of the
mounting holes on the hub disc the turbine could be easily changed
from two-bladed to three-bladed configuration, see Fig 1.
Fig. 3 shows the two- and three-bladed configuration used for the
measurements.

Fig. 4: Wire wound on the blades.
In one of the experiments, the three-bladed rotor was configured with a
mass imbalance on one of the blades. The extra weight was 14g
corresponding to 15% of the blade weight, mounted at 50% radius, see
Fig. 5. The presence of the added weight will to some extent also
increase the aerodynamic damping, but it has not been possible to
quantify the amount.
Fig. 2: Nacelle and hub configuration of the turbine configured with
three blades.
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The vibration accelerations were measured with four Brüel and Kjaer
Type 4507B accelerometers connected to a Type 3560C front end
receiver. The accelerometers were mounted mid on the tower in height
1000mm measuring tower fore-after and side-side accelerations. One
accelerometer was mounted in the tower top at height 1600mm
measuring side-side accelerations. The last accelerometer was mounted
on a carbon fiber boom pointing sideways of the tower/gear motor
assembly in a lateral distance of 150mm from the tower center line. The
direction of this accelerometer was in the fore-after direction measuring
contributions from fore-after motions together with yaw motion
contributions.

NUMERICAL METHOD
The study in this paper is based on numerical analysis using the
aeroelastic software HAWC2, developed at DTU Wind Energy. The
structural part of the code is a multibody formulation based on the
floating frame of reference method as described in (Larsen and Hansen,
2012) and (Kim et al., 2013). In the particular formulation of the code,
the turbine structure is subdivided into a number of bodies, where each
body has its own coordinate system. Within each body, the structure
consists of an assembly of linear Timoshenko beam elements. The
nonlinear effects of the body motion (rotations and deformations) are
accounted for in the coupling constraints in between the individual
bodies. Small deflections are assumed within the linear beam elements.
This means that effects of large rotations and deflections are included
using a proper subdivision of a blade to a number of bodies. As only
the structural part of the code has been used for this study the detailed
descriptions of the aerodynamic parts are described in (Madsen et al.,
2012), (Larsen et al., 2013) and (Kim et al., 2014). The code
verification has been performed through the Offshore Code
Comparison Collaboration (OC3) and Offshore Code Comparison
Collaboration Continuation (OC4) under the International Energy
Agency (IEA) Wind Task where HAWC2 results are validated against
other numerical tools such as BLADED, ADAMS, FAST, FLEX and
so on (Popko et al., 2012) and (Vorpahl et al., 2013). The full system
natural frequencies, dynamic loads and displacements are compared in
OC3 and OC4. From the comparisons, it has been shown that the full
system natural frequencies and the dynamic loads and responses
obtained by HAWC2 agree well with other aeroelastic codes. A fullscale validation of simulated and measured wind turbine load levels
have recently been presented in (Larsen et al., 2013).

Fig. 5: A simple mount of an extra weight on one blade.

NUMERICAL RESULTS
The downscaled turbine (1:75) was modeled in the simulation code,
HAWC2, and the standstill eigenfrequencies of the two- and threebladed turbine were calculated, see Table 2. What is important to notice
is that the standstill eigenfrequencies of the turbine differ depending on
the rotor azimuthal position. The tower frequencies are slightly lower
when the rotor is vertical than horizontal, mainly caused by the
different rotor inertia around the pitch axis and the two perpendicular
axis. The asymmetric flap mode differs significantly between the two
positions, which is mainly caused by the difference in flapwise stiffness
of the nacelle. In the horizontal configuration the flapwise motion
couples to the tower torsion, whereas in the vertical configuration the
flapwise motion couples to the second tower mode with increased
stiffness. The same occurs for the edgewise frequency where the
edgewise motion couples with the for-aft tower mode (and shaft tilt
bending) in the horizontal mode and couples with the side-side tower
motion (and tower torsion) in the vertical configuration. In between the
modes in horizontal and vertical configuration, the eigenfrequencies
varies with a sinusoidal variation.

Fig. 6: Accelerometer mounting at the mid tower.

Table 2. Standstill turbine frequencies, simulated.
Two bladed
Mode
Horizontal
1st tower transverse
2.09 Hz
1st tower for-aft
2.11 Hz
1st asym flap
4.79 Hz
1st sym flap
6.63 Hz
1st asym edge
8.52 Hz
1st sym edge
9.80 Hz

The vibration modes of the turbine during standstill and rotation were
excited with impulse excitation using a simple manual hammering
using a pencil. For each measurement period the turbine was excited
using four impacts on the blades in both flap and edgewise direction
and at two different azimuthal locations on the spinning rotor.
In the experiment with the mass-imbalanced three-bladed rotor, the
maximum rotor speed was 90rpm corresponding to just below
resonance between 1P and 1st tower mode. The tower vibrations at this
point was approximately ±20cm making it too dangerous to continue.
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Two bladed
Vertical
2.07 Hz
2.08 Hz
5.84 Hz
6.69 Hz
8.47 Hz
10.47 Hz

The variation of standstill frequencies as function of azimuth position is
shown in Fig. 7. Here it is clearly seen that the asymmetric rotor flap
and symmetric rotor edge mode differ significantly as function of
azimuth angle.

edgewise direction and the middle of the blade in negative edgewise
direction at the same time, and the blade root in positive flapwise
direction and the middle of the blade in the negative flapwise direction
at the same time are excited. The results are presented in Fig. 8, where
a Campbell diagram has been created based on the response seen in the
tower top yaw moment. The tower frequency at 2Hz, which is the
straight line, is clearly seen and so are the whirling components of the
tower motion at the tower base frequency ±2P, which are the angled
lines. At zero rpm, the asymmetric flapwise frequencies between 4.2
and 5Hz can be seen. A lot of frequencies seem to be present in the
area, which is explained by the azimuthal dependency. Furthermore,
whirling components of the asymmetric flapwise base frequency of
4.2Hz±2P, and looking close it is also possible to see a 4.2Hz+4P
component. The symmetric flapwise mode also has whirl components
at 6.6Hz±1P and ±2P and even the asymmetric edgewise mode at
8.5Hz show this behavior. From this figure it is also possible to see
higher harmonics of the forward tower whirl component at f0+nf0+2P,
with f0 being the base tower frequency and n = 1,..,8. These higher
harmonics of the tower forward whirling are probably a result of the
impulsive excitation approach which is commonly known to excite
higher harmonics of eigenfrequencies. A special thing to remark is that
the whirl modes originated from the asymmetric flap and edge modes
also includes a central component with a frequency that is constant with
respect to rotor speed variation. The cause for this component is so far
unclear.

Fig. 7: Natural frequency variations with respect to the rotor azimuth
angle.
The model has also been investigated with respect to how the natural
frequencies change as function of rotor speed. This was done based on
impulse excitation of the turbine modes in time domain assuming no
aerodynamic forces present. In total 6 different excitations are applied
where the middle of the blade in flap and edgewise directions, the
tower top in fore-aft and side-side directions, the blade root in positive

1st edge FW mode + 2P
1st edge FW mode - 2P
1st flap FW mode + 2P

1st symmetric flap mode

1st asymmetric
central flap mode

1st flap FW mode - 2P
Tower mode + 2P
Tower mode
Tower mode – 2P

Fig. 8: Campbell diagram for simulated response of the 2B turbine during impulsive excitation of the model scale turbine.
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1st edge FW mode + 2P

1st edge BW mode

1st flap FW mode

1st edge FW mode

1st symmetric flap mode

1st flap BW mode
Tower mode

Fig. 9: Campbell diagram of the eigenfrequencies measured for the two- bladed configuration.

1st edge FW mode

1st edge BW mode
1st edge central mode
1st symmetric flap mode
1st flap FW mode
Tower mode

1st flap central mode

1st flap BW mode

Fig. 10: Campbell diagram of the eigenfrequencies measured for the three-bladed configuration.

551

1st edge central mode

1st edge FW mode
1st edge BW mode

1st symmetric flap mode
1st flap FW mode
1st flap BW mode
Tower mode

1st asymmetric
central flap mode

Fig. 11: Campbell diagram of the eigenfrequencies measured for the mass imbalanced three-bladed configuration
components with multiple P components can therefore not be
confirmed by this experiment. It is also clearly visible that central flap
and edge modes exist in the imbalance case. These frequencies are
constant with respect to the rotational speed. These modes can to some
extent also be seen in the experiment of the balanced three bladed
turbine, however the magnitude is small. As this should theoretically
not be present for a perfectly isotropic rotor, it could indicate that the
experimental turbine is not perfectly isotropic due to manufacturing and
mounting tolerances.

EXPERIMENTAL RESULTS
Experiments were carried out for a two-bladed, a three-bladed
configuration and a three-bladed mass imbalanced configuration. In all
cases Campbell diagrams were created, see Fig. 9~11.
From Fig. 9 it can be seen that the tower frequency at 2Hz is constant
for all rotor speeds. The symmetric flap mode at 6.6Hz has a slight
increase caused by the centrifugal stiffening. What is especially
interesting to notice is that the measurements confirms that the
asymmetric flapwise and the symmetric edgewise rotor modes splits
into whirl mode with a ±1P split. Secondly, it is also very interesting to
notice that the whirl modes also has component of multiple P’s.
Especially the edgewise mode +2P is clearly visible. The plot is not as
clear with respect to the flapwise whirling (it is because the flapwise
mode is aerodynamically damped), but it is possible to see that this also
has components of ±2P.

CONCLUSIONS
With this study based on both numerical and experimental
investigations we conclude the following:
 The asymmetric rotor modes, seen in a global frame of reference,
will for a two-bladed turbine at standstill and during slow rotation
vary with the azimuth position of the rotor.
 When the rotor speed is increased, the asymmetric rotor modes of
a two-bladed turbine will split into a pair of whirl modes. The
frequency of these whirl modes starts as the standstill frequency
(averaged over all azimuth angles) and one will increase with 1P
(forward whirl mode) and one will decrease with 1P (backward
whirl mode). Furthermore, the impact of centrifugal stiffening will
cause a general increase of all rotor modes, which in the present
experiment is a minor contribution.
 The whirl modes of a two-bladed rotor not only split with ±1P, but
also with multiple P. This has so far only been seen in numerical
studies, but is now experimentally verified. In the numerical
simulations it was clear that multiple P frequencies can be present.
In the experiment it was only possible to excite the ±1P and ±2P
frequencies. Even though this potential makes it difficult to design
a two-bladed rotor without presence of resonance, the multiple P

The three-bladed rotor also has modes that split into whirl modes, see

Fig. 10. These whirl modes has it basis in the asymmetric flap and
edge modes at standstill. When the rotor increases rotational speed
these modes split into the well-known forward and backward whirl
modes separated with ±1P. There are no presences of multiple P
components in the whirl modes.
As the difference in whirl mode behavior, perhaps, can be explained by
the two-bladed rotor being highly asymmetric with respect to inertial
properties, an extra experiment was carried out. Here the three-bladed
rotor was configured with an extra mass on one of the blades. In this
configuration the rotor is also non-isotropic. The results are presented
in Fig. 11. From this figure it is only possible to see the same whirl
mode frequencies as for the isotropic configuration. The numerical
findings about a non-isotropic three bladed rotor having whirl mode
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contributions appear to be difficult to excite and hence have less
vibration levels than the ±1P whirl modes.
 The presence of whirl modes for a three-bladed turbine has been
confirmed. The frequency of the rotor whirl modes splits with ±1P
with base frequency in the asymmetric rotor modes at standstill.
 For an imbalanced three bladed rotor, a center frequency whirl
component is seen in the experiment. This was also seen in the
simulations of the two bladed turbine, but could so far not be seen
in the experiment of the two bladed configuration.
If a three-bladed turbine is not isotropic, it was expected that the whirl
modes will have multiple P contributions (as a two-bladed rotor)
because of the asymmetric rotor inertia caused by the mass imbalance.
The magnitude of these higher components are however small in
magnitude and it was not possible to validate this finding in the
experimental results. Detailed numerical and experimental
investigations with the three-bladed mass imbalance rotor will be
investigated in future work.
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