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ABSTRACT
For wind turbines installed in the built environment, the risk of ice throw is a concern to operators. Large
pieces of ice being thrown from the blades poses a severe risk for damage on infrastructure and, worse,
personal safety. In industry several solutions do exist to detect the build-up of icing using operational
modal parameters obtained from sensors on the blades.
In this research project an alternative strategy to detect icing is investigated. Using a sensor on the tower,
to detect variations in the frequency of so-called rotor whirling modes as an indicator for ice. Previous
results on parked turbines proof the concept of this method. In this follow-up research the possibility to
estimate and track the rpm-dependent whirling modes from measurements on the tower is investigated.
The paper primarily aims to detect and quantify the uncertainty in the estimation of the whirling modes’
frequencies during operation of a wind turbine.
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1. INTRODUCTION

The use of operational modal analysis for wind turbines has become a very active topic in both the
operational modal analysisánd the structural health monitoring community and examples are widespread
e.g. to list a few [1, 2, 3, 4, 5, 6]. There are several motivations to perform a continuous evaluation of the
resonance frequencies of both the turbine substructure as well as the turbine blades. Ranging from the
detection of scour on offshore wind turbines [7, 8] or the defects in the foundation of onshore foundations
[9] over detecting issues in the blades [9, 2].
One of the more interesting applications of OMA for monitoring wind turbines is icing detection. The key
idea is that the resonance frequency of the blades will decrease when the total mass of the blade increase
as ice is developing on the blade. Detecting a decrease of the resonance frequencies of the blades can
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Figure 1: (a) The mobile monitoring system, here shown during testing at the VUB. (b) The monitoring system
was installed at 48m above the ground level, approximately at 2/3 of the tower height. (c) Typical mode shapes for
an onshore wind turbine, results from a simple simulation.

thus be used to detect ice on the blades. To obtain a reliable estimate for the resonance frequencies of
the blades, sensors are typically installed on the blades of the wind turbine and continuously processed
to estimate the resonance frequencies. This concept already is commercially developed[10].
In the presented research an alternative strategy to detect icing is investigated. Rather to instrument the
blades, the possibility to instrument the substructure with a single accelerometer is investigated. Initial
simulated results shown in[11] reveal that the whirling frequencies, i.e. the rotor modes as observed from
the tower, will decrease when icing occurs. Further research in [12] showed that during parked conditions
(i.e. the turbine is not rotating) there were good signs that icing indeed could be detected. However,
to achieve a full icing solution the rotor modes have to be reliably estimated during all operational
conditions. A particular challenge is that the frequencies of the rotor modes, as observed from the tower,
will depend on the rotor speed. This paper will investigate the reliability of the estimates of the rotor
whirling modes using measurements from a short-term monitoring campaign on an onshore wind turbine.

2. MEASUREMENT CAMPAIGN AND METHODOLOGY

During the summer and fall of 2018 a short monitoring campaign was conducted by OWI-lab/VUB in
collaboration with ENGIE Green and ENGIE Laborelec on a single onshore wind turbine. The main
project motivation was to compare results from the tower measurements with results obtained from a
fiber-optic strain measurement system in the blades of the turbines. This paper will only consider the
data from the monitoring system installed by OWI-lab and focus on the question of detecting the rotor
whirling modes.

2.1. Investigated structure

The instrumented turbine is a Senvion MM82, a 2.05MW wind turbine with a rotor diameter of 82m and
is operated by ENGIE Green. The investigated structure had a total tower height of 76m. During the
considered period the wind turbine was subjected to wind speeds of up to 17 m/s. The data-set contains
periods below cut-in wind speed periods of variable rpm, periods of rated rotational speed as well as
periods of rated output power. Data-sets beyond cut-out wind speed as well as data-sets during parked
conditions beyond cut-in were not available from this campaign.
For the duration of the campaign the turbine SCADA data was made available by the turbine operator.
The available SCADA data contained (a.o) wind speed, turbine yaw angle and the rotor speed (rpm).



2.2. Monitoring system

The monitoring system used is a 24SEA mobile system, integrated in a small suitcase, Figure. 1.(a).
It contains a tri-axial ICP accelerometer and can sample at up to 1kHz. However, the key motivation
to use this system is that it is plug and play. The system is fully self-contained and only requires a
power-outlet, which are typically available at all service platforms in a wind turbine. The system records
the accelerations, performs initial post-processing and transmits data to a server at the VUB. In case the
transmission of data fails, the system can also save several months of measurements locally.
The sensors were installed at a height of 48m above the ground Figure. 1.(b), around 2/3 of the total
tower height. This position is chosen as the optimal position of a single sensor setup. At 2/3 of the tower
height, indicated as a green line in Figure. 1.(c), the first three modes are all present. A sensor installed at
the top will have a worse sensitivity w.r.t. modes 2 and 3, although a better sensitivity is achieved for the
first mode. A sensor installed at the bottom, red line in Figure. 1.(b) is more practical for installation, but
does not offer good sensitivity to all modes. The position at 2/3 of the tower sacrifices a bit on sensitivity
for the first mode, but guarantees a good sensitivity for all other modes. This assessment based on the
simulated results in Figure. 1 is confirmed by the experimental mode shapes presented in [3].

2.3. Automated Operational Modal Analysis

The tri-axial measurements are down-sampled on site to a sampling frequency of 12.5Hz with an anti-
aliasing filter starting at 5Hz. The records are then transmitted over the mobile telephone network to the
VUB were the data is further processed.
As the objective of the campaign is an assessment of the modal behavior of the turbine the data is
processed using the VUB DYNAwind toolbox. As a first step all recorded signals are translated to the
frame of reference of the nacelle using a yaw transformation based on the yaw-angle in the SCADA and
the documented position of the monitoring system. As a result the vibrations are found in the Fore-Aft
(FA), i.e. the direction of the nacelle and the wind, and the Side-Side (SS) directions, i.e. the cross-wind
vibrations. The toolbox also includes an automated scheme for modal parameter estimation and tracking
based on the research performed at OWI-lab [13] and the development of the pLSCF modal parameter
estimator [14]. The following steps were applied to both the FA and SS vibration signals.

1. Calculation of the Correlogram spectrum

2. Curve fit of the correlogram spectrum with polynomial models of increasing model order

3. Calculation of the modal parameters for each of the curve-fitted models of different model orders
. Visualized as a stabilization chart.

4. Automatic aggregation of the estimated modal parameters into clusters

5. Tracking of the resonance frequencies

These steps are also visualized in Figure. 2. For the current setup, with only a single accelerometer, it
was not possible to identify the mode shapes of the turbine. As a consequence it was not possible to use
the mode shapes for tracking the modes of the wind turbine. Instead a mode was tracked solely based on
the expected resonance frequency (and optionally the damping ratio).
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(d) Tracking results

Figure 2: (a-c) Illustration of the three steps of the automated OMA approach for a parked turbine (d) Example of
the tracking.[13]

3. RESULTS

3.1. Dynamic behavior

In Figure. 3 the identified modal parameters are plotted versus the rotational speed (rpm). This Campbell
diagram serves to illustrate the modal behavior during operational conditions. Relevant modes as well
as rotor harmonics are tracked tentatively to generate a clearer image of the behavior. As expected the
rotor harmonics are clearly visible throughout the rpm range. However, the first and second order tower
modes are still clearly visible in both FA and SS direction. The whirling modes, which show a rpm-
dependent behavior, are also clearly visible (highlighted in Blue and Orange). These rotor whirling are
of interest to this project as they are the projections of the rotor/blade modes to an observer on the tower
(hence the rpm-dependent behavior). If icing is to be identified it will be made possible using these
modes. Already from the results in Figure. 3 it can be observed that the likelihood of detecting the
whirling modes is greater in the SS direction, with significant gaps in the detection of both forward and
backward whirling modes in the FA direction.



(a) FA (b) SS

Figure 3: FA and SS Campbell diagrams of the detected modes after modal parameter estimation with indicative
tracking. In green the first order mode, in blue the forward whirling mode, in orange the backward whirling mode
and in red the 2nd order mode. Modal parameters associated with rotor harmonics are plotted in shades of gray.

3.2. Whirling mode assessment

As shown Figure. 3 the whirling modes are clearly present in the Campbell diagrams. Both in FA and SS
the whirling modes can be detected, but early results seem to indicate that the whirling modes are less
observable in the FA direction.
To track the rpm-dependent rotor whirling modes following equations are used:

fSS,FW = froot + ∆f(rpm) = 1.60Hz + rpm/60 (1)

fSS,BW = froot − ∆f(rpm) = 1.60Hz − rpm/60 (2)

In a first assessment it was opted to assume the theoretical behavior of the whirling modes, e.g. as
discussed in [15]. Hence both the Forward Whirling (FW) and the Backward Whirlng (BW) mode use
the same root frequency of 1.6Hz. Note that when a sensor would be installed on the blades, it would
identify this root frequency independent of the rotor speed. For now the variation of the frequency
w.r.t. the rotor speed is also kept to the theoretical behavior of rpm/60, rather than using curve-fitted
coefficients to the rotor speed. Later we will use a uni-variate model to improve on these results.
To evaluate the observability of rotor whirling modes all datasets in operational conditions, i.e. rpm > 9,
are considered. A total of 8356 ten minute datasets were evaluated to quantify the observability of the
whirling modes. A mode is considered as not observed when it is outside the original tracking frequency,
as defined by (1) and (2), by 0.05Hz. The resulting success rates are summarized in Table. 1. The
results confirm the earlier observation that it is far more reliable to estimate the whirling modes from
the SS direction than from the FA direction. This difference between the FA and SS observability has
a physical cause. Most likely the most dominant rotor mode during operation is the so-called edgewise
mode, i.e. a mode in the same direction as the rotating blade. This vibration mode does not leave the
rotor plane and does not generate vibrations in the Fore-Aft direction. The flap-wise mode, which should
be better visible in the Fore-Aft direction, is likely highly damped due to the air flow over the blade and
not sufficiently excited to be detected. The results in Table. 1 align well with the results in presented
in [3] who performed a similar study and also recorded success-rates close to 90% during the similar
operational regime 4 using a set-up with multiple sensors. These results confirm that for the currently
intended purposes the single sensor set-up is sufficient.
Based on the results in Table. 1 it is decided to proceed only with the SS whirling modes in rotating
conditions. In Fig. 4 a detailed picture is given on the tracked whirling modes in SS. One can nicely
see how the 6P and 9P harmonic pass through the area. Aside from the two whirling modes also the



FA SS
FW 38.4% 89.9%
BW 56.9% 90.1%

Table 1: Success rate for the detection of the whirling modes using either the FA or the SS signals.

(a) Theoretical behavior (b) Measurements

Figure 4: (a) Expected behavior of the whirling modes, figure modified from [15](b) Zoomed view on the whirling
modes identified from operational modal analysis. The expected frequency of rotor harmonics are indicated with
black dashed lines. Mainly the 6P and 9P modes pass through the considered frequency band. The black lines
indicate the mean values per rpm bin.

aggregated means and the central root frequency are indicated. Interesting the root frequency has a very
slight upward trend for increasing rotor speeds, which could be linked to the stiffening of the composite
blade under the increasing centrifugal force. Note that this is not fully consistent with Fig. 4.(a) where
only the flapwise mode sees this increase in frequency with rpm, while the considered whirling modes
are expected to be related with the edgewise modes.
In Figure. 5 the histogram of the error between the actual recorded frequency of the whirling modes in

the SS-direction and the frequency predicted by (1) and (2) is presented. One can clearly see that the
found histogram does not correspond to a Gaussian distribution. A simple univariate model, considering
only rpm, is introduced on top of the expressions (1) and (2), i.e. allow to deviate from the theoretical
behavior. The error of this model is also included in Figure. 5.
The results reveal that after inclusion of a simple uni-variate model a standard deviation of less than 1%

(a) Forward whirling (b) Backward whirling

Figure 5: Relative error between the predicted frequency of the whirling mode and the detected frequencies.
(Blue) When the theoretical model ((1) and (2)) is followed. (Orange) when a simple univariate (rpm) model is
used.



is achieved.

4. CONCLUSION

Operational modal analysis has become a popular technique in the field of monitoring both onshore and
offshore wind turbines. It has been successfully applied by different researchers in different turbine
makes and models. In this paper the question whether the rotor whirling modes can reliably be estimated
using a single sensor on the tower was investigated. During a short monitoring campaign on a 2MW
onshore wind turbine acceleration measurements were recorded with a mobile monitoring system and
modal parameters were estimated using the in-house DYNAwind toolbox.
The results reveal that a 90% success rate is feasible for whirling modes when data from the SS direction
is used and the turbine SCADA (in particular yaw and rpm) data is available. A standard deviation of
less than 1% is feasible when a simple uni-variate model is used to predict the expected frequency of the
whirling mode.
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[3] Oliveira, G., Magalhães, F., Cunha, Á., and Caetano, E. (2018a). Continuous dynamic monitoring
of an onshore wind turbine. Engineering Structures, 164:22–39.

[4] Häckell, M. and Rolfes, R. (2013). Monitoring a 5mw offshore wind energy converter—condition
parameters and triangulation based extraction of modal parameters. Mechanical Systems and Signal
Processing, 40(1):322–343.

[5] Zierath, J., Rachholz, R., Rosenow, S.-E., Bockhahn, R., Schulze, A., and Woernle, C. (2018).
Experimental identification of modal parameters of an industrial 2-mw wind turbine. Wind Energy,
21(5):338–356.

[6] Botz, M., Oberlaender, S., Raith, M., and Grosse, C. U. (2016). Monitoring of wind turbine struc-
tures with concrete-steel hybrid-tower design. In EWSHM-8th European Workshop on Structural
Health Monitoring. Bilbao, Spain.

[7] Weijtjens, W., Verbelen, T., De Sitter, G., and Devriendt, C. (2014). Data normalization for foun-
dation shm of an offshore wind turbine: A real-life case study. In EWSHM-7th European Workshop
on Structural Health Monitoring.
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Structural health monitoring of offshore wind turbines using automated operational modal analysis.
Structural Health Monitoring, 13(6):644–659.

[14] Peeters, B. and Van der Auweraer, H. (2005). Polymax: a revolution in operational modal analy-
sis. In Proceedings of the 1st International Operational Modal Analysis Conference, Copenhagen,
Denmark.

[15] Hansen, M. (2007). Aeroelastic instability problems for wind turbines. Wind Energy, 10(6):551–
577.


	Introduction
	Measurement campaign and methodology
	Investigated structure
	Monitoring system
	Automated Operational Modal Analysis

	Results
	Dynamic behavior
	Whirling mode assessment

	Conclusion



