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ABSTRACT
Accurate speed estimation is essential for dynamic analysis of rotating machinery; particularly for condition mon-
itoring and operational modal analysis of applications with significant load and speed variation. The wind turbine
is such an application. However, a sufficiently accurate tachometer, to keep track of the instantaneous speed, is
not always available in field conditions. This opens the opportunity for virtual tachometer methods, where speed
information is extracted from other sources than a physical encoder. We propose the use of a virtual tachometer
using a multi-order probabilistic approach that allows accurate speed estimation based on an accelerometer signal
placed on the system, e.g. gearbox, housing. The main benefit of this technique is that there is no need to associate
a priori one harmonic with one mechanical component. Instead, only a basic knowledge about the kinematics of
the system is required. The validity of this approach has been shown in literature on signals of a typical length of
maximum 10 minutes. In this paper we adapt the technique such that it can be used for estimating the high-speed
shaft speed of a wind turbine gearbox continuously over long periods of time. We illustrate the validity by means
of experimental data of an offshore wind turbine.
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1. INTRODUCTION

Wind turbines experience strong dynamical loads during their lifetime that can lead to considerable reduction of
the expected life of a wind turbine’s drivetrain[1]. Changes in the behavior of the wind and the electricity grid
can influence significantly the loads on the drivetrain and thus its lifetime. Gearboxes especially are prone to
unexpected premature failures and are costly to replace due to the substantial downtime[2]. Reducing the amount
of critical failures and thus increasing wind turbine reliability has the potential to drastically decrease the actual
cost of electricity [3].
Current condition monitoring systems often utilize vibration measurements to assess the health of the internals of
a gearbox, like the shafts, gears or bearings. Most of these vibration-based systems rely on spectral analysis of
the measured vibration signals. Methods based on tracking spectral content however generally assume the rotation
speed of the system to be constant or quasi constant. In practical applications like wind turbines, this requirement
is unlikely to be met due to the highly dynamic character. To enable the synchronization of the spectral analysis,
the instantaneous angular speed (IAS) can be measured by using a tachometer. However the installation and cost of
a tachometer is not always feasible or desirable and thus recent developments focus on extracting the IAS directly
from the vibration signal. Several approaches already exist and some common techniques include Vold-Kalman fil-
tering [4, 5], Gabor and wavelet transforms [6, 7], band-pass filtering[8] and the Teager-Kaiser energy operator[9].
However most of these techniques rely on the presence of a frequency band that contains only a harmonic of the
rotation frequency with a high signal-to-noise ratio (SNR). Other signal components like harmonics that are not
related to the rotation speed of interest, or structural resonances are not desirable in the frequency band and usually
ruins the chances of successfully extracting the IAS. Since wind turbine gearboxes are usually a complex system
consisting of multiple (planetary) stages, the vibration signals measured from such a complex system contain mul-



tiple resonances and asynchronous harmonics. As such the assumption of a frequency band containing only one
harmonic with high SNR cannot be guaranteed.
The limitation of only taking taking into account one harmonic hints at an approach that utilizes as many harmonics
as possible in order to increase the amount of information and correspondingly the accuracy. This paper investigates
exactly such a method, namely the multi-order probabilistic approach (MOPA) as first proposed by Leclère et al.
[10]. This method uses the available information about the system and does not require to associate one harmonic
with the correct order. Knowledge of the gear ratios only is sufficient to extract from the vibration signal an accurate
estimation of the IAS. The MOPA method is detailed in this paper and the performance of it is examined for two
experimental data sets originating from vibration measurements of wind turbine gearboxes. The IAS estimated by
the MOPA method is compared to the speed as measured by an actual tachometer.
The work presented in this paper is part of a multi-level monitoring approach for wind turbine farms that encom-
passes the use of multiple (advanced) techniques to track the system degradation with an increased amount of
certainty. A streaming approach is chosen to enable the instantaneous speed tracking of long-term acceleration
data. This way it is possible to analyze data while the sensors generate it, in other words on-line monitoring of the
high-frequency vibration data. The figures in this paper therefore have been generated using an implementation
of the MOPA method that is suitable for streaming processing. For more details about the integrated condition
monitoring scheme the reader is referred to Helsen et al.[11].

2. METHODOLOGY

This paper presents the use of the multi-order probabilistic approach (MOPA) for the instantaneous speed esti-
mation on two experimental data sets of wind turbine gearboxes. This section briefly describes the theoretical
background of the MOPA method.

2.1. Multi-order probabilistic approach
The general idea behind the multi-order probabilistic approach (MOPA) as proposed by Leclère et al. [10] is based
on regarding the instantaneous spectrum (which can be obtained through a short time Fourier transform) of the
vibration signal as a probability density function (pdf) of the IAS Ω. Consequently, if the spectrum has a high
amplitude at frequency f , there is a high probability that the shaft frequency is equal to f/Hi with Hi being the
excitation order or for the cases described below the gear ratios. It is important to define a range for the IAS
in which the user expects the IAS to reside. This range has a lower bound Ωmin and an upper bound Ωmax. The
following pdf can then be constructed:{

[Ω|Hi] =
1
ξi

A(Hiω) for Ωmin < ω < Ωmax

[Ω|Hi] = 0 for ω < Ωmin | ω > Ωmax
(1)

with A( f ) a whitened version of the vibration signal’s spectrum and ξi a normalization factor to make sure the pdf
has unit area:

ξi =
∫

Ωmax

Ωmin

A(Hiω)dω. (2)

The purpose of the whitening is essentially to reduce the influence of resonances on the generated pdf, since it is
undesirable to give a too high probability to a certain part of the spectrum only due to the increased amplitudes
because of a resonance.
To improve the IAS estimation and utilize more of the information potential of the spectrum, one has to include
more than just one pdf based on one gear ratio or meshing order. Afterwards these different pdfs can be combined
together in one pdf by multiplication. Equation1 does not take into account the possibility that a part of the spectrum
for a certain harmonic Hi can exceed the Nyquist frequency. In this case the pdf is made uniform above fmax/Hi:{

[Ω|Hi] =
1
ξi

A(Hiω) for Ωmin < ω < fmax/Hi

[Ω|Hi] =
1

Ωmax−Ωmin
[Ω|Hi] = 0 for ω < Ωmin | ω > Ωmax

(3)

with ξi now:

ξi =
Ωmax−Ωmin

fmax/Hi−Ωmin

∫ fmax/Hi

Ωmin

A(Hiω)dω. (4)

The method’s inputs are thus an approximate range for the IAS, the meshing orders and the vibration signal.
For every order a pdf is then constructed based on the signal’s instantaneous spectrum and rescaled to the given



range for the IAS. Next, the pdfs are multiplied to combine the information of all the orders so that the main
corresponding estimate for the IAS becomes the most dominant peak in the pdf.
Currently the pdfs are still independently generated for each time step and thus do not guarantee any continuity
of the IAS, which is a logical assumption for any mechanical system. Due to the inertia of the rotating shafts,
strong acceleration or deceleration is improbable. As such, to improve the results further, an a priori of continuity
is introduced for the IAS. The concept relies on generating for each time step a pdf that is based on the pdfs of
several time steps before and after the central pdf. Appropriate weighting of these pdfs is done by convolving the
pdf with a centered Gaussian and the time relationship is introduced by letting the variance depend on the time
between the considered pdf and the central pdf. The pdf at time step j generated by the pdf at time step j+ k is
defined as:

[Ω j] j+k =
∫

Ωmax

Ωmin

[Ω j|Ω j+k]dω ∝ exp(
ω2

2σ2
k
)∗ [Ω j+k] (5)

with [Ω j] j+k the pdf at time j that can be obtained by convolution of the pdf at time j+ k [Ω j+k] with a centered
Gaussian, and σk = |γk∆t | with ∆t being the time step, γ the standard acceleration of the IAS. Similar to the
previous step in which the pdfs corresponding to the different orders have to be multiplied for each time step to
obtain a single combined pdf, there are now again multiple pdfs for every time step j+ k belonging to time steps
before and after time step j. Thus the final step is to multiply again all the pdfs for every time step:

[Ω j]s ∝

K

∏
k=−K

[Ω j] j+k. (6)

3. EXPERIMENTAL APPLICATIONS

The integrated processing approach ,described in [11], requires the MOPA method to be robust and efficient for
the streaming application of wind turbine data. Enabling the MOPA method for streaming purposes requires some
adjustments to the technique and it should perform well for some typical key events occurring in wind turbine
gearboxes. The former topic for example requires that the data that is buffered by the streaming engine takes
into account small overlapping regions in the beginning and the end of the time series data, since the time axis
corresponding to the spectrogram is truncated compared to the original data duration due to windowing. The latter
topic concerning the key events is investigated in this paper by discerning three main usage cases for the MOPA
method:

1. Standard operating regime with strongly varying shaft speed
2. Run-up of the wind turbine
3. Run-down of the wind turbine

Two data sets originating from real-world wind turbines will be used to illustrate the performance of the MOPA
technique for these three usage cases. The first data set originates from the diagnosis contest held in light of
the International Conference on Condition Monitoring of Machinery in Non-Stationary Operations (CMMNO) in
2014. The second data set was also recorded on the gearbox housing of a wind turbine but due to confidentiality
agreements, the authors cannot disclose the origin of the data.

3.1. CMMNO 2014 diagnosis contest data
The vibration signal used to illustrate the first usage case was measured on the gearbox housing of a wind turbine
near the epicyclic gear train and sampled at 20 kHz. The goal was to estimate the IAS of the high-speed shaft
(carrying gear #7 in Fig.1). This estimate was then compared with a reference speed signal measured by an angle
encoder. The length of the measurement was approximately 550 seconds.
In the first step a spectrogram is generated using a rectangular window with a window length of 0.5 seconds, 1.5
seconds of zero padding, and an overlap of 0.25 seconds. Figure 2a displays the resulting spectrogram, in which
there are some clear resonances (red horizontal lines) to be seen. Therefore the spectrogram is whitened to remove
these resonances as is shown in Fig.2b.
The next step is the generation of the pdfs for every meshing order and combining them in order to obtain a single
pdf representing the most likely frequency of the IAS. The result of this operation can be seen in Fig.3a. A total of
six meshing orders are exactly known and each of them increases the performance of the MOPA method. The last
step is to introduce the continuity condition, which performs a smoothing of the pdfs and significantly improves
the results as can be seen in Fig.3b.
Now that the pdfs are constructed, the expected value is extracted for every time step. The resulting estimated
instantaneous speed profile can be seen in Fig.4a along with the speed profile that was measured with a tachometer
on the high-speed shaft. Figure4b shows the small relative error between the two speed profiles. Thus for normal
operating behavior the MOPA method produces satisfactory results.



Figure 1 – Visualization of the wind turbine gearbox used in the CMMNO 2014 diagnosis contest.

Figure 2 – (a) Spectrogram of the CMMNO 2014 vibration signal of the wind turbine gearbox housing. (b) Whitened spectro-
gram

3.2. Second wind turbine gearbox study
To assess the performance of the MOPA method for the run-up and run-down cases, the vibration data of another
wind turbine gearbox is investigated. Due to a confidentiality agreement however, no details can be given about
the wind turbine itself and some of the frequency axes are normalized from zero to one in the figures.
In contrast to the previous case, the exact meshing orders present in the system are not known, which forms quite a
significant obstacle for the MOPA method since its main input is these meshing orders. However, the spectrogram
can be used for estimating the approximate meshing orders and is used for this analysis.
The same procedure as in the previous section is followed. First, the spectrogram is generated and is shown in
Fig.5. The spectrogram exhibits a clear run-down and run-up around the 260th and the 410th second respectively.
The following orders are derived from the spectrogram: 1.88, 7, 18.7, 28.8, 48, 65.6, 68.3, 88.42. The same window
length and FFT size are used as for the previous case, but the amount of overlap is increased to 90% of the FFT
size to capture the speed fluctuation of the run-down and run-up better.
The resulting speed profile for the full 10 minute signal is shown in Fig.6 with a blue full line. The speed estimation
performs well for the normal operating regime but fails for the very low speed region in the spectrogram where the
generator is uncoupled from the rotor. This can be explained by the fact that the majority of the meshing orders that
are taken into account for the rest of the spectrogram do not exhibit dominant harmonics at all anymore for the low
speed region. Changing the set of used meshing orders to a more optimal set for this low speed region (but keeping



Figure 3 – (a) Time-Frequency map of the pdfs for an IAS range from 15 to 35 Hz after combining the information of all
meshing orders. (b) Time-Frequency map of the pdfs after the a priori continuity introduction.

Figure 4 – (a) Estimated instantaneous speed profile of the CMMNO contest data compared to the measured speed. (b) Relative
error between the estimated and measured speed profiles.

the rest of the parameters the same) enables the MOPA method to track the correct speed profile again, as shown
in Fig.6 with a red full line. Ideally, one would like to be able to track all speed regimes, but it is found that for this
case it was not possible to find an optimal set of meshing orders for the full run-up and run-down since during these
events the dominance of the harmonic orders changes significantly. Generally, the user is not interested in tracking
the speed when the generator is uncoupled from the rotor, making failure of the speed estimation less important.
However the results hint at using different sets of meshing orders, depending on the operational regime the wind
turbine is in. This regime information could for example be provided by the SCADA data, enabling the MOPA
method to track all speed intervals efficiently.

4. DISCUSSION & CONCLUSIONS

This paper investigates the effectiveness of the multi-order probabilistic approach (MOPA) for estimating the
instantaneous angular speed of rotating shafts in wind turbine gearboxes from a streamed processing perspective. A
brief overview of the theory behind the method is presented in section 2. Two experimental data sets are examined.
The first data set originates from the contest held for the CMMNO 2014 conference and consists of vibration
data measured on the wind turbine gearbox housing. The probabilistic approach performs very well in tracking
the speed fluctuations for the 10 minute signal. The error of the MOPA method compared to the reference signal
is almost negligible. This data set proves that the MOPA method is more than able to track the instantaneous
speed of the high-speed shaft of a wind turbine gearbox in a normal operating regime. The second case however
presents a bigger challenge for the MOPA technique. Since the meshing orders of the system are not exactly



Figure 5 – Spectrogram of second wind turbine gearbox data set

Figure 6 – (Blue line) Estimated instantaneous speed profile of the full 10 minute signal using multi-order probabilistic ap-
proach.(Red line) Speed profile of the unloaded regime between second 270 and 405, using the optimal combination of meshing
orders for this particular case.

known, they have to be derived from the spectrogram which makes it difficult to estimate very the ratios accurately.
Despite this hindrance, the MOPA method manages to estimate most of the run-down and run-up correctly. It starts
failing however when the dominant harmonics for this low speed are not anymore provided by the used meshing
orders. This finding suggests the use of different sets of meshing orders for different operating regimes. Such
information about the regime could be provided by additional SCADA data. The multi-order probabilistic approach
thus presents itself as a potentially very robust and easy to use method for speed estimation of wind turbine
gearboxes. It manages to perform adequately in low SNR scenarios and with very limited input. More knowledge
about the mechanics of the system benefits the MOPA approach as it is able to incorporate this information to
improve its estimation process, while other methods generally focus on only part of this information and thus do
not use its potential.
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