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Abstract: The gearbox of a wind turbine involves multiple rotating components, each having a potential to be affected by a fault.
Detecting weak faults of these components with traditional demodulation analysis is challenging. Multi-scale enveloping
spectrogram (MuSEnS) decomposes a vibration signal into different frequency bands while simultaneously generating the
corresponding envelope spectra. In this study, a MuSEnS-based diagnosis approach is applied to detect faults affecting the
intermediate stage of a gearbox installed in an operating wind turbine. The MuSEnSs of 12 vibration channels have allowed to
identify multiple fault features, including the weak fault of the big gear on the sun shaft. The effectiveness of the proposed fault
diagnosis approach has been tested with industrial data and the faults themself have been confirmed with the disassembled

gears.

1 Introduction

Wind energy is the fastest growing form of renewable energy
generation combatting greenhouse effects. The harsh operating
environment of wind turbines contributes failures of their
assemblies, components and systems. The wind turbine gearbox
that bears alternating loads, it is one of the most affected parts in
wind turbine [1, 2].

Once fault arises in the wind turbine gearbox, it is inevitable
that the power generation efficiency is reduced, and eventually an
unscheduled downtime occurs. Condition monitoring and fault
diagnosis (CMFD) systems are intended to detect conditions
leading to faults of a gearbox and recommend timely maintenance
[3, 4]. Amirata et al. [5] discussed the importance of CMFD in
blades, gearbox, and generator, and described different types of
faults, their signatures, and recommended diagnostic schemes.
Wymore [6] surveyed the commercially available products for
health monitoring of wind turbines, and quantified the cost saved
by each turbine due to continuous monitoring. Tchakoua et al. [7]
reviewed the related techniques of condition monitoring, fault
diagnosis, and maintenance analysis, and predicted that intelligent
health management will be the trend of the CMFD of wind
turbines. Without doubt, intelligent health management needs the
support of advanced approaches of fault diagnosis for wind
turbines.

In terms of diagnosis methods, Yang et al. [8] utilised a wavelet
transform to detect fault in the drive train of a test rig with the
current and power signals. Zhang et al. [9] applied data mining
algorithms and statistical methods to analyse the derivative of
vibration signals and considered the correlation coefficient in
identification of a gear fault. Feng and Zuo [10] proposed torsional
vibration model to detect distributed and local defects in a
planetary gearbox providing a theoretical foundation of fault
diagnosis in wind turbine gearboxes. Lapira et al. [11] proposed a
multi-regime modelling approach to assess the degradation of wind
turbine before downtime occurrences using supervisory control and
data acquisition data. Herp et al. [12] used Bayesian classifiers and
multivariate analysis monitor the performance of wind turbines,
and introduced a classification of turbines’ faulty and normal state
based on skewness and kurtosis.
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Vibration analysis is a common method to monitor health
conditions of gears and bearings in gearboxes. Although it calls for
the installation of acceleration transducers on the surface of a
gearbox, it offers high sensitivity of recognition of fault features
and fault discovery. Lei et al. [13] utilised an ant colony algorithm
to form adaptive stochastic resonance method, and detect a chipped
tooth in the sun gear of planetary gearbox. Li et al. [14] adopted
the denoising capability and high signal-to-noise ratio of a second-
order enhanced stochastic resonance model to enhance the weak
features and found looseness in a coupling between the gearbox
and the generator. Teng et al. [15] detected multi-harmonic
components representing gear pitting faults with empirical mode
decomposition. Sun et al. [16] proposed a multiwavelet denoising
technique with a data-driven block threshold to detect incipient
fault of a bearing in wind turbines. Barszcz and Randall [17]
applied spectral kurtosis to detect a tooth crack of a ring gear in the
gearbox of an operating wind turbine. Feng et al. [18] established a
fault model for a planetary transmission, and proposed different
signal processing methods to detect gear faults with the ensemble
empirical mode decomposition [19], iterative generalised
synchrosqueezing transform [20], and adaptive optimal kernel
time-frequency analysis [21].

The above discussed literature offers valuable research
approaches to monitor and diagnose planetary gearboxes.
However, some details of the gearboxes installed in industrial wind
turbines have been overlooked, including multiple fault sources
and a wide frequency range. In the gearbox of a 1.5 MW wind
turbine, the rotational frequency of rotor hub is low (about 0.2 Hz),
while the mesh frequency at the high speed stage (HSS) is about
700 Hz. These require high frequency resolution and wide
frequency band to process vibration signal. Moreover, vibration
energy at low or middle speed stage is likely masked by the mesh
at HSS, which makes fault discovery at the low speed stage
challenging.

In this paper, a multi-scale enveloping spectrogram (MuSEnS)-
based fault diagnosis approach is proposed to detect faults in a
wind turbine gearbox. Section 2 presents the structure of a wind
turbine gearbox. The transmission ratio and feature frequencies are
also calculated. The details of MuSEnS are outlined and the
diagnosis procedure for wind turbine gearbox is proposed in
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Fig. 1 Structure of a wind turbine gearbox

Section 3. In Section 4, the gearbox faults of an operating 2.0 MW
wind turbine are analysed. The conclusion is drawn in Section 5.

2 Structure of a wind turbine gearbox

The rotor of a wind turbine converts the energy of the wind into a
low speed mechanical energy which in turn is speeded up by the
gearbox.

For compactness and high transmission ratio, a wind turbine
gearbox consists of three stages: planetary stage (PS), intermediate
stage (IS) and HSS. In the schematic diagram of the gearbox in
Fig. 1, 1 is the planetary arm, 2 is the sun shaft, 3 is the
intermediate shaft, and 4 is the high speed shaft. Sun gear Z,,
planetary gear Z, and ring gear Z. make up PS; big gear Zyj on the
sun shaft and small gear Z,,, on the intermediate shaft mesh and
form IS; big gear Zy; on the intermediate shaft and gear Zp, on the
high speed shaft mesh and form HSS.

The transmission ratio of the PS is computed from the
following equation.

Zr
rps =1+ (M

where Z; is the number of teeth of ring gear, Zg is the number of
teeth of sun gear. The transmission ratio of IS is computed from the
following equation.

Z .
ris = 7 @)

mo

where Z;; is the number of teeth of big gear on sun shaft, Z, is the
number of teeth of the small gear on the intermediate shaft. The
transmission ratio of HSS is computed according to the following
equation.

Z
Tyss = Zl (3)
no

where Zy; is the number of teeth of the big gear on the intermediate
shaft, Z;,, is the number of teeth of the gear on the high speed shaft.
The total transmission ratio of gearbox is expressed as.

I'=Trpg " Is " I'yss “4)

An emerging fault of a gear results in modulation of mesh
frequency (natural frequency) by the rotational frequency of the
shaft with the faulty gear. Therefore, it is necessary to compute the
mesh frequencies of different stages and the rotational frequency of
each shaft in the wind turbine gearbox. Given the rotational
frequency f, of the rotor hub, the rotational frequency of sun shaft
is computed from the following equation

fs=fa.rPS (5)
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The mesh frequency of the PS is shown as.
fos=Ffa Zi=—f)Z (6)
The mesh frequency of the IS is expressed as.
Jis=Fo Zi (7
The rotational frequency of the intermediate shaft is shown as.
fi=Tfs ris ®)
The mesh frequency of the HSS is expressed as.
Tuss = fi+ 2 ©))

Expression (10) presents the rotational frequency of the high speed
shaft.

fn=1Fi"Tuss (10)

Similarly, knowing the rotational frequency of the high speed shaft,
the mesh and rotational frequencies of other shafts can be derived.

3 Fault detection in the wind turbine gearbox
3.1 Multi-scale enveloping spectrogram

Continuous wavelet transform (CWT) is used for processing non-
stationary signals. Signal X(t) is decomposed into different time-
frequency grids by adjusting scale factor a and time factor U as
shown as.

wi(a,7) = la™"” f oox(t)(p*(t_r)dt )

a

where ¢(f) is a wavelet function represented as, for example, the
Morlet wavelet, harmonic wavelet, or the Mexican hat wavelet.

Although CWT offers multi-scale decomposition of the
vibration signal, it is unable to directly extract modulation
components that may indicate a fault. The authors in [22, 23]
researched the complex wavelet transform and they proposed
MuSEnS.

A complex wavelet [22, 23] is defined in the following
equation.

@) = pr(®) + jo,(1) = er() + jH[pr()] (12)

where, @g(?) is the real part of the complex wavelet, ¢(?) is the
imaginary part of the complex wavelet, and ¢(¢) is the Hilbert
transform of gg(f). For example, the Gaussian wavelet used in this
paper is expressed as.

L2
dN(e e

oy (13)

@) =Cy

where, d™'/d¢" is the Nth order derivative and Cy, is a constant

related to the order. Fig. 2 shows the fourth order complex
Gaussian wavelet.
The complex wavelet transform of X (t) is expressed as.

wt(a,7) = wig(a, 7) + jwta, 7) (14)

where

wig(a,7) = lal™" / X(I)fﬂfz(t;—r)dz

e

, (15)
wt(a, 1) = Ial’m[ x(t)H[q);i(t ; T)]dt
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Fig. 2 Complex Gaussian wavelet

(a) Real part of the complex wavelet (shown in blue), imaginary part of the complex
wavelet (black and dashed), modulus of the complex wavelet (red), (b) FFT of the
modulus of the complex wavelet

Fig. 3 Fault diagnosis procedure for wind turbine gearbox

From the modulus of the wt.(a,7) in (14), the envelope signal in
(16) is generated.
e,(a.7) = || wic(a,7) ||

16
= \/wtk(a, 7 + Hwtg(a, 1)’ (1o

Furthermore, based on the Fourier transform, MuSEnS in (17) is
computed.

Ewt(a7f) = F(” ch(a, T) ”)

=L / | wep(a, 7) |l dz
-0

2r

amn

The expression (16) is similar to the envelope signal of the Hilbert
demodulation analysis [24]. MuSEnS inherits the property of

Bearing

multi-scale decomposition of CWT that does not select a narrow
band to filter the original vibration signal. Thus, it enables filtering
signals at different bandwidth and generating demodulation
information.

3.2 Fault diagnosis procedure

The gears and bearings installed in a wind turbine gearbox may
generate different fault feature frequencies. The frequency may
span from about 0.2 Hz (rotational frequency of the rotor) to
hundreds of Hz (mesh frequency of the HSS). This calls for the
capability to handle a wide range of frequencies.

Acceleration transducers with different sensitivity are installed
on the surface of the gearbox to acquire vibration signals. Each of
transducer is responsible for a segment of the gearbox. The
diagnosis procedure of the wind turbine gearbox is shown in Fig. 3.

As illustrated in Fig. 3, the multi-channel vibration signals from
different segments of the gearbox are collected, and the
corresponding MuSEnSs are obtained. The feature frequencies of
gears or bearings in gearbox are computed according to gearbox
structure in Fig. 1. If the evident harmonic components of the
MuSEnS are matched with the computed feature frequencies, we
can conclude the potential faults and check for the wind turbine
gearbox using endoscope or other equipment.

4 Case study
4.1 Wind turbine considered in this research

The wind turbine used in this research has a rated power of 2.0
MW. To find potential faults in the gearbox, 12 different segments
of the gearbox were tested. The gearbox in Fig. 4 is instrumented
with 12 transducers. The tranducers 1-3 are used to monitor the
condition of rear main bearing, transducers 4 and 5 are responsible
for PS, transducers 6—10 are used to monitor the gears and bearings
in IS, transducers 11 and 12 are for HSS. Since the rotational speed
of PS is low, the sampling frequency of first five channels is 5120
Hz, while the one of the last seven channels is 25,600 Hz.

The numbers of teeth of multiple gears in the gearbox is shown
as in Table 1. The transmission ratio of PS is 6.12, the IS is 4.21
and HSS is 3.9. The total transmission ratio of the gearbox is
100.53. The rated rotational speed of the generator is 1678.85 rpm/
min. However, the measured rotational speed of the generator is
not always identical to the rated value due to varying wind speed.
Table 2 list the rotational shaft and gear mesh frequencies during
one test when rotational frequency of generator is 23.6 Hz.

4.2 Analysis for the results

The acquired 12-channel vibration signals are shown as in Fig. 5.
The vibration amplitude does not exceed + 30 m/s2, even for the
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Fig. 4 Placement of the acceleration transducers on gearbox
Table 1 Numbers of teeth of multiple gears in wind turbine gearbox
Zp Zg Z Zpi Zmo Zp Zho
35 17 87 101 24 82 21
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Fig. 9 Slices of MuSENS in Fig. 8f
(a) At scale=10, (b) At scale=25
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Fig. 10 Slices of MuSENS in Fig. 8k
(a) At scale =40, (b) At scale=22

Fig. 11 Broken gear on intermediate shaft in IS

5 Conclusion

MuSEnS can decompose vibration signal into different frequency
bands due to the multi-scale characteristic, and simultaneously
obtain corresponding envelope spectrum that represents
modulation information in wind turbine gearbox.
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:
Fig. 13 Cracked big gear on sun shaft in IS

In this paper, a MuSEnS based fault diagnosis procedure is
proposed to analyse and process the vibration signals from a real
2.0 MW wind turbine gearbox. Not only the evident fault feature
denoting gear fault on intermediate shaft can be found, but the
weak fault of big gear on sun shaft is detected distinctly. The
disassembled gears demonstrate the effectiveness of diagnosis
results. The MuSEnS-based method is a practical diagnosis tool for
real wind turbine.
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