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Abstract

Operational modal analysis (OMA) is an essential tool for understanding the struc-

tural dynamics of offshore wind turbines (OWTs). However, the classical OMA algo-

rithms require the excitation of the structure to be stationary white noise, which is

often not the case for operational OWTs due to the presence of periodic excitation

caused by rotor rotation. To address this issue, several solutions have been proposed

in the literature, including the Kalman filter-based stochastic subspace identification

(KF-SSI) method which eliminates harmonics through estimation and orthogonal pro-

jection. In this paper, an enhanced version of the KF-SSI method is presented that

involves a concatenation step, allowing multiple datasets with similar environmental

conditions to be used in the identification process, resulting in higher precision. This

enhanced framework is applied to an operational OWT and compared to other OMA

methods, such as the modified least-squares complex exponential and PolyMAX.

Using field data from a multi-megawatt operational OWT, it is shown that the

enhanced framework is able to accurately distinguish the first three bending modes

with more stable estimates and lower variance compared to the original KF-SSI algo-

rithm and follows a similar trend compared to other approaches.

K E YWORD S

damping, harmonics, Kalman filter, offshore wind turbine, operational modal analysis,
stochastic subspace identification

1 | INTRODUCTION

Operational modal analysis (OMA) is a widely used method for identifying the modal parameters of vibrating structures in operation. One of the

main advantages of this approach is that it does not require knowledge of the excitation force, which can be difficult to obtain for large industrial

structures. However, OMA is based on the assumption of stationary white noise excitation, which may not hold for certain applications, such as

offshore wind turbines (OWTs). These structures are subjected to both random and harmonic loading due to the rotation of the rotor, which can

make the application of conventional OMA techniques challenging. For example, structural modes may not be accurately identified or vibration

caused by harmonics may be difficult to distinguish from vibrations at structural modes.1

Several methods have been developed to address the presence of harmonics in OMA. An elementary method involves recognizing harmonic

components in response spectra as modes with zero damping.1 This technique generally does not apply to OWTs as variations in rotor velocity
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over a measurement length cause non-stationary harmonic components which appear as broader spectral peaks with apparent non-zero damping.

Other techniques include modified classical algorithms, such as the modified least-squares complex exponential (LSCE) algorithm1,2 and the modi-

fied Ibrahim time domain algorithm.3,4 More classical algorithms have been similarly extended.5–7 However, the effectiveness of these methods is

ambiguous as exact knowledge of the harmonic frequency may be required to obtain accurate results, which can be difficult to achieve in practice.

Preprocessing techniques, such as time-synchronous averaging (TSA)8,9 and Cepstrum editing,10,11 have been proposed to filter out

harmonics in experimental data. TSA is a popular method in gearbox modal analysis and is generally effective for stationary harmonics, but is less

suitable for non-stationary harmonics. Order tracking,12 a technique that removes the variability of harmonics and forces them to a single

frequency, has been proposed as a solution for non-stationary harmonics, but this method averages the amplitude and does not fully remove vari-

ability, making it less practical as a preprocessor for modal analysis. Cepstrum editing, on the other hand, has been shown to be a suitable tech-

nique for non-stationary harmonics as long as sufficient harmonic multiples are present. However, it requires careful application, can affect the

damping and can only remove periodic components that are uniformly spaced (including both harmonics and sidebands) and are hence more appli-

cable to OWT gearbox OMA than for the modal analysis of the OWT support structure. Both TSA and Cepstrum editing have been applied to

OWTs with inconclusive results. In some cases, TSA has been effective, while in others, it has not, possibly due to non-stationary harmonics.

Cepstrum editing has also had mixed results, with some studies finding it to be effective and others not. In Manzato et al,13 the frequency content

was affected after applying Cepstrum editing, but the TSA approach yielded good results. On the other hand, in Manzato et al,14 the results were

not satisfying with TSA, most likely due to non-stationary harmonics, and a slightly different application of Cepstrum yielded good results. A

recent survey paper discusses the current state of Cepstrum editing and modal analysis, highlighting the need for further research in this area.15

Other methods for dealing with harmonics in OMA involve the use of statistical indicators for harmonic localization, such as the probability

density function (PDF),16 kurtosis,17,18 and entropy.18 The effectiveness of these methods depends on the peakedness of the distribution of the

harmonic component. Additionally, they may be of use as preprocessors for other algorithms.

A more recent category of algorithms is independent of the input spectrum and uses transmissibility functions, which contain modal informa-

tion unaffected by harmonic excitation.19 However, these approaches are not yet optimal for OMA of OWTs, as they have important limitations.

For example, some methods require different loading conditions or multiple output sensors, making them impractical for certain applications.19–21

Others require the acting forces to be uncorrelated,22–24 which can be problematic when dealing with correlated harmonics induced by the tur-

bine rotor.25

Recently, a novel approach called Kalman filter-based stochastic subspace identification (KF-SSI) was developed using the classical SSI algo-

rithm26 that involves state reconstruction using a Kalman filter and subsequent orthogonal removal of the harmonic subsignal from the original

signal.27 This method was reviewed together with other state-of-the-art OMA algorithms on applicability to operational OWTs in van Vondelen

et al28 and was rated favourably due to its effective harmonic mitigating properties. Although the method is promising, a full benchmarking of this

algorithm for a realistic application with experimentally obtained data has not yet been performed. Further, practical issues such as numerical sta-

bility and the concatenation of multiple datasets for estimate refinement have not yet been investigated. In this paper, we, therefore, address

these topics and present the following contributions:

1. We propose an extension to the KF-SSI method enabling numerically stable dataset concatenation for practical OMA applications.

2. We evaluate the proposed enhancement in (1) and the original KF-SSI method on an operational OWT, with a comparison of their

performance.

3. We benchmark the results of (2) against those obtained using the current state-of-the-art OMA methods: modified LSCE and PolyMAX.

4. We evaluate preprocessor approaches for the (enhanced) KF-SSI method to accurately localize harmonics in the response data.

The next section introduces the field setup and describes the data acquisition. Section 3 presents the identification framework. Here, differ-

ent methods for harmonic localization are compared, along with methods to improve identification results using KF-SSI. In Section 4, the results

are analysed after applying the KF-SSI identification framework to a 6 MW operational OWT. This paper is concluded in Section 5.

2 | ACQUIRING DATA FROM AN OPERATIONAL WIND TURBINE

The International Electrotechnical Commission (IEC) 61400 standard specifies the sensor requirements of OWTs.29 However, these sensors are

often insufficient for performing modal analysis, as they are typically only installed at the top of the tower where the first-order mode exhibits the

most deviation.30 Capturing higher order modes requires additional sensors,13 but this can be a costly endeavour. Ozbek and Rixen provide a

comprehensive overview of different sensor configurations for OMA in OWTs.31 In this paper, we aim to identify higher order modes in an eco-

nomical setup with only two accelerometers. Note that while the first fore–aft (FA) and side–side (SS) mode shapes can be reconstructed using

two accelerometers, reconstructing higher mode shapes requires at least three accelerometers. Mode shape reconstruction is therefore outside

the scope of this paper.
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The field measurements for this study were taken from a 6 MW Siemens Gamesa SWT-6.0-154 OWT at the Dudgeon wind farm located in

the United Kingdom 32 km off the coast of Cromer. The site has a water depth between 18 and 25 m, an average wind speed of 9.8 m/s and a

mean wave height of 1.1 m. The turbines have monopile foundations, a rotor diameter of 154 m and a hub height of 110 m. The layout of the

wind farm is illustrated in Figure 1.

The Dudgeon wind farm utilizes advanced instrumentation in several of its turbines, including the use of bi-axial accelerometers on two levels.

These sensors feature a high resolution of less than 0.001 g, a low non-linearity of 0.2% full scale in the range of ±3 g and minimal sensitivity to

temperature changes of less than 0.05%/�C. These sensors are housed in protective enclosures and mounted on the internal walls of the turbine

towers, as illustrated in Figure 2A. The sensors are placed optimally for modal analysis but are constrained by the mounting options on the tower.

The yaw and rotor velocity measurements were also used for the identification procedure. The yaw signal measures the angular position of the

rotor around the z direction and was used to transform the x and y directions of the accelerometers to the rotor coordinate system, aligning them

with the direction of the FA and SS bending modes (see Figure 2B). The generator rotational speed signal, which was measured by the turbine

controller using an inductive sensor and interfaced to the data acquisition system, was used to determine the location of the harmonics.

F IGURE 1 Layout of the Dudgeon wind farm compared to other wind farms. From left to right: Westermost rough, Sheringham shoal, Dudgeon.

F IGURE 2 Illustrations of the sensors and first tower bending modes.
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The datasets were sampled at a rate of 25 Hz, enabling the reconstruction of vibrations up to 12.5 Hz. This frequency range captures all main

modes and harmonics. For confidentiality reasons, all results have been normalized to fall between 0 and 1. The data were collected in 10-min

batches, which can provide good estimates of the modal parameters. Even better results can be obtained by concatenating datasets as long as

they are stationary and have similar environmental conditions. However, this procedure is not trivial and will be detailed further in Section 3.2.

3 | IDENTIFICATION FRAMEWORK

This section presents the steps for identifying the modal parameters of a 6 MW OWT using the KF-SSI method, as illustrated in Figure 3. The

approach is adapted from the work of Gre�s et al. for this specific application. Thus, only the proposed enhancements are discussed in this

section and the reader is referred to Gre�s et al27 for the other steps in the framework.

3.1 | Localizing the harmonics

Harmonics in data can often hide the underlying system dynamics or reduce identification accuracy in OMA algorithms. To remove harmonics

using the KF-SSI algorithm, it is necessary to determine their frequency location. The kurtosis indicator, suggested as a preprocessor for KF-SSI,27

has been used to distinguish harmonics from structural modes (e.g., Jacobsen et al.34). As the effectiveness of this method may be limited for

non-stationary harmonics, it is investigated in this section whether this approach is suitable for OWT response data. The method is evaluated on

a simple three-degree-of-freedom system with known system dynamics, after which it is tested on OWT field data with unknown dynamics. The

results are compared against two other approaches: the entropy approach, as used in Agneni et al18 and the rotor velocity method as suggested

in, for example, Manzato et al.35 Note that the rotor velocity method only applies to systems where the rotating components causing the dis-

turbing harmonics are measured (i.e., helicopter and OWT). The best-suited approach for an OWT will be selected to localize the harmonics in the

KF-SSI framework. First, the three-degree-of-freedom system is introduced in the next section.

3.1.1 | Acquiring data from a three-degree-of-freedom system

In this section, a three-degree-of-freedom system is derived and simulated. The system is composed of masses mi , springs ki and dampers ci for

i¼1,2,3, as illustrated in Figure 4. Each mass is connected to the next mass using one spring and one damper. The first mass is connected to a

fixed frame, and the last mass is free.

F IGURE 3 Overview of the identification framework used in this study. The yellow boxes are the steps presented in this work, indicated with
the respective sections. The grey boxes are the steps presented in the work of Gre�s et al,27 indicated similarly with their sections. The orange box

refers to an SSI method as can be found in, for example, Verhaegen32 and Van Overschee and De Moor.33
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A force fðtÞ�ℝ3 excites the system at each degree of freedom. The equations of motion are

M€qðtÞþ J _qðtÞþKqðtÞ¼ fðtÞ, ð1Þ

with

M¼
m1 0 0

0 m2 0

0 0 m3

2
64

3
75, J¼

c1þc2 �c2 0

�c2 c2þc3 �c3
0 �c2 c3

2
64

3
75, K¼

k1þk2 �k2 0

�k2 k2þk3 �k3
0 �k2 k3

2
64

3
75,

where M�ℝ3�3 is the mass matrix, J�ℝ3�3 is the damping matrix, K �ℝ3�3 is the stiffness matrix and €qðtÞ, _qðtÞ,qðtÞ�ℝ3 are the vectors of

acceleration, velocity and position in the generalized coordinate system, respectively. By defining the state vector and input vector as

xðtÞ¼ qðtÞ
_qðtÞ

� �
�ℝ6, uðtÞ¼ fðtÞ�ℝ3, ð2Þ

the following state-space model is obtained:

_xðtÞ ¼ 0 I

�M�1K �M�1J

� �
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

A

xðtÞþ 0

M�1

� �
|fflffl{zfflffl}

B

uðtÞ,

¼AxðtÞþBuðtÞ,

ð3Þ

where A�ℝ6�6,B�ℝ6�3. The system of Equation (3) can be observed through sensors at three degrees of freedom that capture the displacement

qðtÞ, velocity _qðtÞ or acceleration €qðtÞ and are collected in a vector yðtÞ�ℝ3 as follows:

yðtÞ¼Cacc€qðtÞþCvel _qðtÞþCdisqðtÞ, ð4Þ

where Cacc,Cvel and Cdis �ℝ3�3 are the output location matrices for acceleration, velocity and displacement, respectively. The system will only be

observed at the accelerations, per the actual measurement data of the OWT. Therefore, the following observation equation is obtained:

yðtÞ ¼ �CaccM�1K �CaccM�1J½ �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
C

xðtÞþCaccM�1|fflfflfflfflffl{zfflfflfflfflffl}
D

uðtÞ,

¼CxðtÞþDuðtÞ,
ð5Þ

where C�ℝ3�6 and D�ℝ3�3. Equations (3) and (5) define the state-space model in continuous time.

The parameters of the M, J and K matrices are chosen such that they yield the modal parameters as given in Table 1a. Response data were

generated by exciting the system at all frequencies using zero-mean Gaussian white noise, and additional harmonics are included in the identifica-

tion signal to simulate the effect of the OWT harmonic loading. Noise is added to the output signal to achieve a signal-to-noise ratio of 80 dB,

simulating measurement noise. The frequencies of these harmonics are displayed in Table 1b. The system is sampled at a rate of 25Hz and in

10-min intervals, similar to the OWT data. In the next section, these datasets and the datasets obtained from the Dudgeon offshore wind farm will

be analysed with harmonic localization methods to estimate the harmonic frequencies as a preprocessor for KF-SSI.

F IGURE 4 Schematic of the three-degree-of-freedom system where mi, ki and ci for i¼1,2,3 are the mass, stiffness and damping,
respectively.

VAN VONDELEN ET AL. 927
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3.1.2 | Harmonic localization using statistical indicators

This section will evaluate statistical indicators, kurtosis and entropy, for harmonic localization in KF-SSI on three-degree-of-freedom system

response data and field data. These indicators rely on the properties of the distribution of the signal to determine the location of harmonics.

Kurtosis is a measure of the peakedness of a distribution. It can be computed at each frequency of the response signal by shifting a narrow

bandpass filter over the entire frequency band of interest. For a signal that has a standard normal distribution, this computation yields a value of

γ¼3. For harmonic signals that consist of sinusoids with zero mean μ and unit variance σ2, the kurtosis value is γ ≈1:5. By comparing the kurtosis

values at different frequencies, it is possible to distinguish between the two types of distributions.

Entropy is a measure of the randomness or uncertainty of a distribution. It attains a zero value if and only if the occurrence of a value is cer-

tain and has a positive value otherwise. This property can be exploited to distinguish deterministic signals, such as harmonics, from stochastic pro-

cesses. The entropy value is non-maximum in regions of deterministic components and maximum in regions of stochastic components.

Evaluation on the three-degree-of-freedom system

Here, the kurtosis and entropy statistical indicators have been evaluated on simulation data of a simple three-degree-of-freedom system illus-

trated in Figure 4. Each signal is bandpass filtered by passing a Butterworth filter over the entire frequency after which the statistical indicator is

applied. Figure 5 displays the results, where the vertical dashed red lines indicate the harmonics. In this figure, the indicators are compared for dif-

ferent filter orders. It can be observed that the local minima in the entropy plot indicate the harmonic locations. However, other local minima can

be observed that do not indicate a harmonic, complicating localization without prior knowledge. In the kurtosis plot, the results are accurate for

all harmonics, as the kurtosis value attains 1.5 at each harmonic frequency. These results indicate that statistical indicators can be suitable as a

preprocessor for KF-SSI with data from the three-degree-of-freedom system. Next, it will be investigated if this also holds for OWT field data.

Evaluation on OWT field data

Here, the kurtosis and entropy statistical indicators have been evaluated on field data acquired from the Dudgeon offshore wind farm as described in

Section 2. Remarkably, both indicators show poor performance, as can be seen in Figure 6. The 1P, 3P, 6P, 9P and 12P harmonics are indicated by

the red dashed lines, where P denotes the rotor period. In the entropy plots, there is no consistent correspondence to the expected harmonics visible

in the local minima of the entropy plots. Similarly, the kurtosis does not reach the expected value of 1.5 at the locations of the harmonics.

TABLE 1 Overview of the parameters used for the three-degree-of-freedom simulation.

Mode Nat. freq. (Hz) Damping (δ %) Harmonic Freq. (Hz)

(a) Structural modes (b) Harmonics

1 0.5008 19.87 1P 0.781

2 1.4033 31.26 2P 1.562

3 2.0279 42.49 3P 2.343

4P 3.124

5P 3.905

6P 4.686

7P 5.467

F IGURE 5 Comparison of the kurtosis and entropy statistical indicator for different filter orders on a simple three-degree-of-freedom system
with 10 harmonics.

928 VAN VONDELEN ET AL.
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The poor performance of the identification method might be attributed to the broader, non-stationary, harmonic peaks in the response spectra

of field data from an OWT. These peaks are not as sharp as the peaks caused by the ideal harmonics in the response of the three-degree-of-freedom

system, as shown in Figure 7. In essence, due to the continuously varying rotor speed in OWT data, a ‘harmonic’ is no longer a discrete frequency in

the time domain, although it would be uniquely identifiable as such in the angle domain. As a result, a more comprehensive filter might be required

to capture the entire harmonic signal. However, using a wider filter could result in less accurate localization of the harmonic and undermine its effec-

tiveness. In a subsequent experiment, large filter widths were tried, but this did not improve the localization of the harmonics.

These results suggest that neither indicator is effective in identifying the harmonics in the field data of an OWT and also shed light on the reason

classical OMA methods combined with such harmonic localization techniques often do not yield sufficiently good results. On the other hand, a

periodic component estimator, as used by KF-SSI, identifies both the varying amplitude and the frequency of the harmonic component and may be

considered more suitable for the application of OWT OMA. The next section will investigate an alternative method for localizing harmonics.

3.1.3 | Harmonic localization using the rotor velocity signal

In this section, it is investigated whether the rotor velocity signal can be used as a suitable indicator for harmonics in response data. In OWT

measurements, the rotor velocity is generally available. This signal could be suitable for harmonic localization but it is not constant over time.

Therefore, the mean value over the entire sample (of 10 min) was used as an estimate of the base frequency of the rotor and its harmonics. This

method is most effective for rotational velocities that are approximately stationary, as the harmonic peak will be concentrated around a single

frequency value. If the rotational velocity is less stationary, the peak will be less sharp, and the estimation accuracy might decline, making this

method less interesting.

Field data from an OWT grid drop event were used to determine the accuracy of this method. During a grid drop event, the power of the tur-

bine quickly drops to zero, causing a massive thrust impulse to the OWT and setting up long-lasting oscillations in the tower. The speed reduction

also causes a decrease in damping, leading to longer lasting oscillations. The turbine then enters an ‘idling’ state, where no electricity is generated.

While the turbine tower is still vibrating from its previous operational state and is excited by wind and wave loading, the acceleration sensors only

measure the tower's response to these external loads and no longer capture the periodic loading caused by the rotor.

F IGURE 6 Comparison of the kurtosis and entropy statistical indicator for different filter orders on a field-measured dataset.
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F IGURE 7 Comparison of the response spectra of the tower sensors using idling-only and operational data against the response spectrum of
the first mass m1 of the three-degree-of-freedom system, excited with and without harmonics. Note that the harmonics are much broader in the
OWT response spectra compared to the three-degree-of-freedom system.
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When comparing the time series from both states, idling and operational, different response spectra are found. In Figure 7, the red vertical dashed

lines indicate the harmonics 1P, 3P, 6P, 9P and 12P estimated based on the rotational velocity. These lines agree with distinct peaks in the spectrum

of the full time series, where the operational state is considered. When inspecting the response spectrum of the idling state, the indicated peaks have

vanished, which suggests that they are associated with harmonics. Several modes that were clouded by the harmonics also become visible now.

According to the above analysis, the rotor velocity method is effective in identifying the locations of harmonics in an operational OWT. As a

result, it was chosen for use in the identification framework of Figure 3 over the statistical methods. The next steps in the framework are con-

ducted following the methodology described in Gre�s et al.27 The novel enhancement of the algorithm, which entails modal analysis estimate

refinement with additional data, is presented in the next section.

3.2 | OMA estimate refinement: concatenating multiple datasets

In this section, the authors propose a data concatenation step to enhance the performance of the KF-SSI algorithm. Conventionally, when addi-

tional data becomes available, OMA estimate refinement is performed by treating the new data as an independent dataset, and then performing

statistical averaging of old and new modal parameter estimates. However, this approach may lead to biased results: Even if the underlying system

excitation is zero-mean white noise, the modal parameter estimates based on finite-length datasets are not normally distributed, and statistical

averaging may hence not converge to unbiased modal parameter estimates.

For unbiased OMA estimation, concatenation of datasets has hence been proposed and investigated in the current paper. Using more data

may improve the estimated values, but care must be taken when combining multiple distinct datasets. For wind turbines, where the dynamics

change with wind speed, it may be required to assemble multiple datasets from distinct periods where the environmental and operational condi-

tions were found to be similar to ensure accurate results. However, simply combining datasets without addressing the state mismatch between

the final entry of the first data sequence and the first entry of the second data sequence could yield incorrect results. In the following, a method

is proposed to mitigate the effects of the state mismatch and improve the overall accuracy of the identification process.

The KF-SSI algorithm can be efficiently and accurately implemented using an LQ decomposition as described in Section 3.4 of the paper by Gre�s

et al. This decomposition can also be leveraged to effectively concatenate multiple datasets without introducing state inconsistencies.36,37 The results

obtained from this concatenation step are hereafter referred to as enhanced KF-SSI, and they are compared to the standard KF-SSI algorithm without

concatenation in Section 4.2. The following theorem, similar to the method presented in Döhler and Mevel,36 illustrates this concept in detail.

Theorem 1. Any matrix G�ℝm�n, can be decomposed as follows38:

G¼ LQT , ð6Þ

where L�ℝm�n is a lower triangular matrix with zeros added as rows or columns if m> n or n>m, respectively, and Q�ℝn�n is an orthog-

onal matrix. Let Y �ℝm�n be a data matrix and split into two matrices Y1 and Y2 yielding the following decomposition:

Y1 Y2½ � ¼ LQT : ð7Þ

Alternatively, Y1 can first be decomposed as

Y1 ¼ L1Q
T
1, ð8Þ

and matrix L1 can be used in the following decomposition instead of matrix Y1:

L1 Y2½ � ¼ LQT
? , ð9Þ

yielding the same L matrix but a different orthogonal matrix Q ? .

Proof of Theorem 1. See Appendix A. ▪

The above theorem highlights the key difference between the two methods for LQ decomposition, as represented by Equation (7) and

Equations (8) and (9). The former requires state continuity between matrices Y1 and Y2, while the latter does not. This means that by using the latter

method, it is possible to concatenate datasets without regard to state continuity. However, note that while the resulting L matrix is the same in both

cases, the Q matrix may be different depending on the concatenation method used. This concept can be leveraged to improve the accuracy of the

930 VAN VONDELEN ET AL.
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identification process and be directly applied to the KF-SSI algorithm from Gre�s et al,27 by substituting Y for YT
per YT

raw

h iT
, where Yper is a Hankel

matrix containing the estimated periodic subsignal and Yraw is a Hankel matrix containing the measured raw dataset, per terminology of Gre�s et al.

Following this, the next steps of the identification framework are carried out according to the methodology outlined in Gre�s et al.27 The final

is elaborated in the next section.

3.3 | Interpreting identification results

This section describes how the identification results were analysed. The damping discussed in this paper is modal damping, a form of damping

specific to a structure's natural modes of vibration. It is represented by the logarithmic decrement, δ, which is a standard measure of damping in

the wind energy industry.29 It is related to the damping ratio, ζ, which is the percentage of critical damping, and for small values can be approxi-

mated as δ≈2πζ. The output of OMA is typically collected in ‘stabilization diagrams’, which enable the determination of the stable natural fre-

quencies and damping of the system. This diagram is constructed by repeating the same OMA procedure using different assumed system orders.

The identified modes are plotted vertically across a power spectrum of the response signal, starting with a low system order. As the system order

increases, the modes should be persistently found across multiple orders, indicating that they are stable (see, e.g., Figure 9).

Analysing multiple datasets using the stabilization diagram can be a cumbersome task. Several approaches exist to avoid the need for this

manual analysis, with varying levels of complexity. An elaborate description of some of these approaches can be found in the work of Reynders

et al.39 The current study employs a simple heuristic method for automatic interpretation. Since the optimal identification order is unknown,

OMA was applied to the same dataset multiple times using a range of orders yielding mode estimates. The goal is to determine the optimal identi-

fication order yielding all desired structural modes. However, only a subset of the modes identified are actual modes of vibration, which is gener-

ally assumed if they are persistently found across multiple orders. Other identified modes might be spurious, while it is also possible that some

modes may not be identified at certain orders. Therefore, the minimum order should be found at which the maximum number of persistent modes

could be identified. The modes identified at this order should then be used in the analysis. A pseudo -code is given below:

F IGURE 8 Illustration of the first three SS tower bending modes of a wind turbine, where left is the first, middle is the second and right is the
third mode. Figure adapted from Fernández Fernández et al.40

VAN VONDELEN ET AL. 931
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4 | APPLICATION TO AN OPERATIONAL OWT

This section aims to estimate the modal damping and natural frequencies of a 6 MW OWT using the framework outlined in Figure 3. To accom-

plish this, 10 distinct datasets were analysed at various wind speeds ranging from 5 to 26 m/s. The goal is to determine the natural frequency and

F IGURE 9 Comparison of the stabilization diagrams constructed from the results of the field data experiment using different settings of the
KF-SSI algorithm for the FA and SS direction. The red dashed lines indicate the harmonics that were orthogonally removed and the blue dashed
lines the harmonics that were not removed. Each stable mode is indicated by a ‘+’ and corresponds to the order as indicated by the right axis.

932 VAN VONDELEN ET AL.

 10991824, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2849 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [28/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



damping of the first three tower bending modes in both the FA and SS directions (as depicted in Figure 8). The following section will use this

framework to generate a single estimate, while Section 3.2 will use it to generate multiple estimates at all available wind speeds.

4.1 | Single estimate from field measurements

To evaluate the enhanced KF-SSI framework and produce a single estimate for each mode, ten datasets at an above-rated wind speed of 13 m/s

were used to generate an estimate of the modal parameters. For qualitative comparison, these results were then compared to the results of classi-

cal KF-SSI and SSI using only a single dataset. The 3P, 6P and 9P harmonics were removed using the (enhanced) KF-SSI algorithms but remained

in the response signal when using the SSI method. Stabilization diagrams were then generated for analysis and displayed in Figure 9.

The coloured dots at the top of the figure indicate the modal damping in logarithmic decrement notation, and the red and blue dashed lines

represent the harmonic locations. A red dashed line indicates that a harmonic has been removed, while a blue dashed line indicates that it has not

been removed. Each stable mode is indicated by a ‘+’ corresponding to the identification order indicated on the right axis.

A clear difference can be observed when comparing the power spectra in the stabilization diagrams of SSI and KF-SSI. Several peaks indicated

by the red dashed lines, which represent the harmonics 3P, 6P and 9P, have vanished. Although the SSI algorithm was able to identify the first

mode at several orders, the presence of the 3P harmonic can still affect the estimated modal parameters.27 Also, note the identification of several

harmonics. Removing the 3P harmonic allows for easier identification across multiple orders, as can be seen in the KF-SSI plots.

In the SSI stabilization diagram, observe that the 9P harmonic is directly on top of the second mode, which can be problematic for classical

OMA algorithms to identify damping. The SSI algorithm does provide an estimate, but it is likely contaminated by the damping of the 9P harmonic

due to their close proximity and the lack of an additional mode separating the two damping values. Removing the 9P harmonic with KF-SSI allows

for a more accurate estimation of the second mode, as shown in the KF-SSI stabilization diagram. This diagram clearly displays the results for the

second mode, and the removal of the harmonic also allows for estimates of the third bending mode around 0.8 Hz.

All three modes were also identified by the enhanced KF-SSI. However, unlike with regular KF-SSI, it is not possible to reconstruct the edited

time signal from the Hankel matrices of the LQ decomposition due to the different Q matrix (see Theorem 1). Therefore, the power spectra in

Figure 9E,F, which are normally created from the edited time signal using regular KF-SSI, were constructed by averaging the individual power

spectra obtained from each dataset after separate LQ decompositions. Also, note that the removal of the harmonic subsignal may reduce the

amplitude of the reconstructed resultant signal but does not change the characteristics of the modal parameters. The estimated modal parameters

are also given in Tables 2 and 3. This is a notable improvement over the estimation of SSI, as the KF-SSI and newly presented enhanced KF-SSI

allow for the removal of harmonic components, yielding clearer stabilization diagrams. The next section will provide a more in-depth comparison

between KF-SSI and enhanced KF-SSI for generating multiple estimates from field measurements, highlighting the variance reduction property of

enhanced KF-SSI.

TABLE 2 Comparison of the modal parameters obtained in the field data experiment for KF-SSI for the FA direction.

Natural frequency (Hz) Damping (δ %)

Mode Classical KF-SSI Enhanced Classical KF-SSI Enhanced

1 - 0.0673 0.0685 0.500 0.369 0.394

2 0.348 0.343 0.355 0.129 0.114 0.143

3 - 0.782 0.783 - 0.067 0.193

TABLE 3 Comparison of the modal parameters obtained in the field data experiment for KF-SSI for the SS direction.

Natural frequency (Hz) Damping (δ %)

Mode Classical KF-SSI Enhanced Classical KF-SSI Enhanced

1 0.0663 0.0679 0.0669 0.173 0.236 0.145

2 0.351 0.343 0.356 0.0889 0.0391 0.0930

3 - 0.801 0.820 - 0.0775 0.0996

Abbreviations: Classical, classical stochastic subspace identification; Enhanced, enhanced Kalman filter-based stochastic subspace identification; KF-SSI,

Kalman filter-based stochastic subspace identification.

VAN VONDELEN ET AL. 933
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4.2 | Multiple estimates from field measurements

In this section, the KF-SSI and enhanced KF-SSI algorithms were applied to multiple datasets. The box plots of the FA and SS directions are shown

in Figures 10 and 11. The leave-one-out methodology was used to generate 10 different estimates for the enhanced KF-SSI algorithm using the

F IGURE 10 Comparison of enhanced KF-SSI against original KF-SSI. Note that with enhanced KF-SSI, the mean is more stable, and estimate
variance is lowered. Also, note that the axis limits of the natural frequency plots have a fixed 0.02 Hz upper and lower bound around the median
estimate, and the axes of the damping plots have been fixed to 0.8 δ% to visually compare the variance between the modes.

934 VAN VONDELEN ET AL.
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same 10 datasets in each estimation, while the original KF-SSI algorithm used only one dataset for each estimation. The enhanced KF-SSI algo-

rithm exhibits a notable reduction in variance compared to the original algorithm, resulting in a significant improvement in identification precision.

Both algorithms consistently identify the first mode, but the estimated natural frequencies and damping values for the second and third modes

have larger variance, particularly for the original KF-SSI algorithm. The damping of the first mode increases with wind speed due to the increased

effect of aerodynamic damping at higher speeds. Also, observe the large uncertainty around these estimates; the first FA mode damping is much

more difficult to quantify precisely due to the high damping level. Free-decay experiments may provide more precise estimates.41,42 However, the

damping level heavily relies on operational conditions, making this method less suitable for operational damping estimation. The damping of the

second and third modes remains approximately constant across all wind speeds.

Manual analysis of the 220 datasets could potentially improve the results further, but it is a time-consuming process. It is also worth noting

that processing concatenated datasets requires additional computational resources compared to processing single datasets. While the data

processing in this study was generally completed within a few minutes, this may not be feasible for applications with limited computation time

available.

F IGURE 11 Comparison of enhanced KF-SSI against original KF-SSI. Note that with enhanced KF-SSI, the mean is more stable, and estimate
variance is lowered. Also, note that the axis limits of the natural frequency plots have a fixed 0.02 Hz upper and lower bound around the median
estimate, and the axes of the damping plots have been fixed to 0.8 δ% to visually compare the variance between the modes.
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4.3 | Comparison against other algorithms

To benchmark the identification precision of enhanced KF-SSI, the results are compared against two other algorithms. The first is PolyMAX, a

well-established frequency-domain OMA algorithm.43 It is favoured due to its fast convergence and clear stabilization diagrams but does not

include harmonics-mitigating steps in its identification procedure, so false modes may be identified without careful mode selection. The second
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F IGURE 12 Comparison of the estimation results of enhanced KF-SSI against PolyMAX and modified LSCE for the wind speed range.
Median and variance values are given in Tables 4 to 7.
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algorithm is the modified LSCE algorithm which incorporates the harmonics in the identification steps and uses the same a priori information as

enhanced KF-SSI based on rotational velocity.1

A comparison of the median, first and third quantiles of each algorithm was performed on the same datasets as in the previous section. The

resulting box plots are displayed in Figures 12 and 13, and the median values are listed in Tables 4 to 7. The enhanced KF-SSI algorithm stands

out for its small variance compared to the other algorithms, and its median values match those of the other algorithms well. Additionally, the
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F IGURE 13 Comparison of the estimation results of enhanced KF-SSI against PolyMAX and modified LSCE for the wind speed range.
Median and variance values are given in Tables 4 to 7.
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enhanced KF-SSI algorithm accurately captures the overall trend. Also note that the enhanced KF-SSI algorithm consistently estimates higher

order modes, while the other algorithms fail to do so at certain wind speeds. Moreover, although it is expected that damping increases for higher

wind speeds in the first-mode FA due to aerodynamic damping, PolyMAX appears to overestimate these parameters possibly due to the lack of

harmonics-mitigating steps, whereas the original KF-SSI method estimates slightly lower damping values above 18 m/s compared to the enhanced

KF-SSI and modified LSCE methods.

Another comparison between the four methods, based on the variance of the estimates, is shown in Figure 14. The variance was calculated

at each wind speed, and the median variance was then compared between all evaluated algorithms for each mode. The enhanced KF-SSI algo-

rithm performs well in terms of natural frequency estimation, but its superiority becomes particularly apparent when comparing the damping

values. Note that the variance for the second- and third-mode damping is significantly lower than for the first-mode damping for all identification

methods, especially in the FA direction. This may be attributed to additional uncertainty introduced by aerodynamic damping at the first tower

bending mode.

5 | CONCLUSIONS

This study demonstrated the effectiveness of the KF-SSI algorithm for identifying modal parameters from field data of an operational OWT. The

KF-SSI algorithm effectively mitigates the adverse impact of harmonic disturbances, making it attractive for application to OWTs that are in oper-

ating condition.

The authors proposed an enhanced version of the KF-SSI algorithm such that multiple datasets with similar environmental conditions can be

used that have been measured at different moments in time. This allows significant enhancements of the estimate precision through the use of

more data. By subsequently applying the leave-one-out methodology, the median can be taken as a representative modal estimate. While

enhanced KF-SSI delivers more precise estimates of modal properties, this procedure is more computationally intensive due to the data concate-

nation step. For the current use case of offline data processing, additional computational complexity may not be of immediate concern. However,

it may pose limitations for other applications, especially for online modal analysis.

Additionally, various methods for identifying the frequencies of harmonic disturbances were evaluated as a preprocessor for the KF-SSI algo-

rithm. The results showed that statistical methods such as Kurtosis and Entropy were not effective in identifying the frequencies of harmonics

from field data of OWTs. However, it was determined that using the mean value of the rotor velocity signal as an estimate for these frequencies

in the identification framework was an effective approach.

Good results were found for the damping and frequency of the first three tower bending modes using an economically attractive setup of

only two accelerometer levels. With more extensive turbine instrumentation, further analyses could be conducted, and this method could also be
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F IGURE 14 Comparison of estimation variance between the different estimation methods. The enhanced KF-SSI has good estimation
variance for the natural frequency compared to other algorithms and the estimation variance for the damping shows superiority over other
algorithms.
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extended to include mode shape estimation. The results of the modal analysis using the enhanced KF-SSI algorithm were then compared to the

original KF-SSI method and other, more established techniques, such as PolyMAX and modified LSCE methods. The comparison revealed that the

enhanced KF-SSI method correctly captured the overall damping trend throughout the operational wind speed range, consistently, and with lower

variance as compared to conventional methods.
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APPENDIX A: PROOF OF THEOREM 1

This section proves Theorem 1. First, Equations (7)–(9) are partitioned as follows:

Y1 ¼
Y11

Y12

� �
¼ L1Q

T
1 ¼

L111 0

L121 L122

� �
QT

11

QT
12

" #
, ðA1Þ

Y1 Y2½ � ¼ Y11 Y21

Y12 Y22

� �
¼ LQT , ðA2Þ

L1 Y2½ � ¼ L111 0 Y21

L121 L122 Y22

� �
¼ LQT

? : ðA3Þ
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To demonstrate the equivalence of the L matrices in Equations (A2) and (A3), which is sufficient for the KF-SSI algorithm as only the L matrix

is used, the property of the orthogonal Q matrix, QTQ¼ I, can be exploited. This is done in the following by squaring Equations (A1)–(A3) and

demonstrate the following equality:

Y1 Y2½ � Y1 Y2½ �T ¼ L1 Y2½ � L1 Y2½ �T : ðA4Þ

The squares of the LQ decomposition of Equation (A1) are given as follows:

Y1Y
T
1 ¼ L1Q

T
1Q1L

T
1 ¼ L1L

T
1 ¼

L111 0

L121 L122

� �
L111 0

L121 L122

� �T
, ðA5Þ

¼ L111L
T
111 L111L

T
121

L121L
T
111 ½L121 L122�½L121 L122�T

" #
, ðA6Þ

which is the same as taking the squares as

Y1Y
T
1 ¼

Y11

Y12

� �
Y11

Y12

� �T
¼ Y11Y

T
11 Y11Y

T
12

Y12Y
T
11 Y12Y

T
12

" #
: ðA7Þ

The squares of Equation (A2) yield:

Y1 Y2½ � Y1 Y2½ �T ¼ LQTQLT ¼ LLT ¼ Y11 Y21

Y12 Y22

� �
Y11 Y21

Y12 Y22

� �T
, ðA8Þ

¼ Y11Y
T
11þY21Y

T
21 Y11Y

T
12þY21Y

T
22

Y12Y
T
11þY22Y

T
21 Y12Y

T
12þY22Y

T
22

" #
¼ Y11Y

T
11 Y11Y

T
12

Y12Y
T
11 Y12Y

T
12

" #
þ Y21Y

T
21 Y12Y

T
22

Y22Y
T
21 Y22Y

T
22

" #
, ðA9Þ

and the squares of Equation (A3) result in

L1 Y2½ � L1 Y2½ �T ¼ L111 0 Y21

L121 L122 Y22

� �
L111 0 Y21

L121 L122 Y22

� �T
, ðA10Þ

¼ L111L
T
111þY21Y

T
21 L111L

T
121þY21Y

T
22

LT121L
T
111þY22Y

T
21 ½L121 L122�½L121 L122�T þY22Y

T
22

" #
, ðA11Þ

¼ L111L
T
111 L111L

T
121

L121L
T
111 ½L121 L122�½L121 L122�T

" #
þ Y21Y

T
21 Y12Y

T
22

Y22Y
T
21 Y22Y

T
22

" #
: ðA12Þ

Observe that Equation (A6) equals Equation (A7). Equation (A7) can thus be substituted into Equation (A12) yielding Equation (A9). This

proves that:

Y1 Y2½ � Y1 Y2½ �T ¼ L1 Y2½ � L1 Y2½ �T , ðA13Þ

LQTQLT ¼ LQT
?Q ? L

T , ðA14Þ

from which it can easily be seen that both L matrices are equal.
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