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ABSTRACT
Drivetrain bearings are seen as the most common reason of

the wind turbine drivetrain system failures and the consequent
downtimes. In this study, the angular velocity error function is
used for the condition monitoring of the bearings and gears in the
wind turbine drivetrain. This approach benefits from using the
sensor data and the dedicated communication network which al-
ready exist in the turbine for performance monitoring purposes.
Minor required modification includes an additional moderate
sampling frequency encoder without any need of adding an extra
condition monitoring system. The additional encoder is placed
on the low speed shaft and can also be used as the backup for the
high speed shaft encoder which is critical for turbine control pur-
poses. A theory based on the variations of the energy of response
around the defect frequency is suggested to detect abnormalities
in the drivetrain operation. The proposed angular velocity based
method is compared with the classical vibration-based detection
approach based on axial/radial acceleration data, for the faults
initiated by different types of excitation sources. The method is
experimentally evaluated using the data obtained from the en-
coders and vibration sensors of an operational wind turbine.

INTRODUCTION
Application of condition-based fault detection for early

stage fault detection and the consequent reduction of the sys-
tem downtime is a motivation for using a condition monitor-
ing system for the wind turbine drivetrain which consists of
large/massive/expensive components with a high failure rate [1].

Vibration analysis is one of the most common approaches used
for condition monitoring of different subsystems of the wind tur-
bine e.g. structure, blades, platform and drivetrain [2]. Vibra-
tion analysis is a category of signal-based condition monitoring
approaches which comprises different time and frequency do-
main analyses. Axial and radial acceleration vibration measure-
ments are widely used for condition monitoring of the wind tur-
bine drivetrain components [3]. Axial and radial vibrations in the
drivetrain as a rotational system are resulted by axial and lateral
forces caused by synergistic effects of external excitation forces,
internal excitations and unbalanced/misalignment in the system.
Therefore, by the analysis of acceleration, velocity and displace-
ment by using acceleration vibration and displacement sensors
data, it is possible to predict faults by the evaluation of the de-
fect consequences in the system response. In the recent literature
of vibration analysis for condition monitoring of the drivetrain
e.g. by Nejad et al. [4] and Sankar et al. [5], the application of
angular velocity measurements for condition monitoring of gear-
box is suggested. In [5], the power spectral density (PSD) of an
angular velocity measurement is directly used for the fault detec-
tion in a gearbox. In [4], the energy of the residual of angular
velocity measurements obtained from the different positions of
a 5MW high fidelity wind turbine drivetrain model is used for
the gearbox fault detection. The inherent robustness of the resid-
ual signal to noise and external disturbances, and the sensitivity
to fault is the motivation for using this approach [6]. Ghane et
al. [7] has reported the successful application of an angular veloc-
ity residual-based detection approach for detection of a fault in
one of the bearings of the intermediate planetary stage gear of the
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gearbox. Drivetrain as a rotating system is encountered with tor-
sional vibrations. Therefore, monitoring of angular velocity pro-
vides useful information about torsional excitations which seems
to be really helpful for condition monitoring of this system. For
this purpose, the angular velocity time series obtained from the
speed encoders, and the resultant angular displacement and an-
gular acceleration obtained by applying conditioning circuits on
the angular velocity measurements can be used. The theoretical
justification is the direct relation between the torque as the load
and the angular displacement as the response.

Time domain vibration analysis is an attempt to extract
useful information for fault detection from vibration measure-
ments by monitoring the variation of peak, mean, standard de-
viation and root-mean-square (r.m.s) of the acceleration, veloc-
ity and displacement of the measurements over the time [8–10].
However, the frequency domain analysis takes advantage of fast
Fourier transform (FFT) and PSD of the signal which helps to
find the defect frequencies and defective components [11]. The
conventional vibration-based condition monitoring of the wind
turbine dirvetrain system is based on a time domain analysis for
the detection supported by a frequency domain analysis for the
localization of the fault [12]. The time domain analysis is based
on the r.m.s value of the axial/radial acceleration and velocity vi-
bration in mm/s and m/s2, and the peak value of displacement
in µm obtained from the accelerometers time series data, where
these values should not exceed the predefined limits suggested
by the standards ISO 10816-21 and ISO 13373-1 respecting to
the rotational frequency and type of application. The idea behind
the complementary frequency domain analysis is that each defect
in any specific component happens with a particular frequency
which helps to find the source of the fault and the defective com-
ponent.

This paper is an experimental validation of the angular ve-
locity error function approach originally proposed by Nejad et
al. [4]. The slightly modified angular velocity residual func-
tion demonstrates a higher performance in extracting informa-
tion required for the detection of abnormal cases. To reach the
angular velocity residual, in addition to the high-speed shaft en-
coder which is typically embedded in the wind turbine drivetrain
for performance monitoring and control purposes, an additional
encoder is installed on the low-speed side. Starting with pre-
senting a classification on different types of internal/external and
torsional/non-torsional excitations which influence on the wind
turbine drivetrain operation, the performance of angular velocity
measurements and angular velocity residual signal for detection
of abnormalities are studied and compared with the conventional
condition monitoring method based on axial/radial acceleration
data for each category of excitation. The study is mainly in the
frequency domain, and the analysis tools are FFT, PSD, enve-
lope PSD and energy spectral density. The amplitude demodula-
tion method with the use of envelope spectrum is a complemen-
tary tool which is used in the literature (e.g. by [7]) to improve

the PSD performance in the detection of defects in bearings and
gears. On this basis, the contributions of this paper are:

1. Classification of different excitations and available
vibration-based detection solutions,

2. Experimental comparison between different available solu-
tions for bearings and gears defects initiated by different
types of excitations,

3. Experimental validation of angular velocity residual ap-
proach which is recently proposed in the literature of
vibration-based condition monitoring of wind turbine drive-
train,

4. Experimental comparison between different frequency do-
main tools for detecting abnormalities in the system.

The remainder of the paper is organized as follows. In
Methodology, different vibration-based condition monitoring ap-
proaches and the applied frequency domain analysis tools are
discussed. Experimental simulations to validate the discussed
drivetrain condition monitoring approaches are presented in Ex-
perimental results and simulations followed by conclusions.

METHODOLOGY
Test system

The under consideration test system is the drivetrain of a less
than 2MW operational wind turbine. The data includes the accel-
eration and angular velocity sensors installed in different points
of the drivetrain obtained by the sampling frequency 25600Hz.
The accelerometers are placed on the housing and the encoders
are located on the shaft. The drivetrain topology and the place-
ment of sensors are shown in Fig. 1. The details of the sensors
and the drivetrain specification are provided in Tables 1 and 2,
respectively. The encoder EN1 is added to the system to experi-
mentally evaluate the angular velocity error function approach.

In the following, two different methods, the first based on
the axial/radial acceleration data obtained from accelerometers,
and the second based on the angular velocity measurements by
using the speed encoders data are elaborated.

Axial/radial acceleration-based condition monitoring
The vertical displacement X as the response of a one degree

of freedom system with the mass m, stiffness k, damping c under
the sinusoidal excitation force F in the non-dimensional form
can be expressed by

X =
F0
k√

(1− ( ω

ωn
)2)2 +(2ζ ( ω

ωn
))2

, (1)
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(a) Acceleration sensors placement

(b) Angular velocity sensors placement

FIGURE 1: Drivetrain topology, accelerometers and encoders
placement.

TABLE 1: Sensors specification.

Sensor Description

AC1 Front main bearing accelerometer (radial)

AC2 Rear main bearing accelerometer (radial)

AC3 Gearbox input shaft accelerometer (axial)

AC4 Gearbox input shaft bearing accelerometer (radial)

AC5 Gearbox medium-speed bearing accelerometer (radial)

AC6 Gearbox high-speed shaft bearing accelerometer (radial)

AC7 Front generator bearing (radial)

AC8 Rear generator bearing (radial)

EN1 Low-speed shaft encoder (radial)

EN2 High-speed shaft encoder (radial)

where F0 and ω are the amplitude and frequency of the excitation
force, respectively. ωn and ζ are the natural frequency and the
damping ratio of the system defined by

ωn =
√

k
m , ζ = c

cc
and cc = 2mωn.

Therefore, a large amplitude in the frequency spectrum of
response X at frequency ω can be due to either an amplified in-
ternal/external excitation, or due to a resonance resulted by the
coincidence of the excitation frequency ω with one of the natural

TABLE 2: Under consideration drivetrain specification.

Rated rotor speed (rpm) 19,68

Rated generator speed (rpm) 1544

Gearbox topology planetary− parallel− parallel

Gear ratio 1 : 5.1667×1 : 3.8889×1 : 3.9048

frequencies of the system. The latter can be used as an indicator
of the abnormalities in the system operation. Without the loss
of generality, the idea can be extended to a system with a higher
number of masses and a higher degree of freedom. The latter
motivates the application of frequency domain tools to moni-
tor the frequency content of response and consequently deter-
mine the sources of the abnormalities. For this purpose, FFT and
PSD of axial/radial acceleration data can provide useful informa-
tion. The normalized CooleyTukey FFT algorithm is used to ob-
serve the capability of acceleration measurements in distinguish-
ing abnormalities, which is defined by X( jω) =

∫ +∞

−∞
x(t)e−iωtdt,

where X( jω) is the the spectrum of the response x.
Afterwards, the PSD and subsequently the energy of the sig-

nal around the suspicious frequency is used as the abnormality
detection tool in the paper. The PSD of x is defined by

Sxx(ω) =
| X( jω) |2

n
, (2)

where Sxx is the PSD spectrum of x. The energy of the frequency
domain signal X in the frequency range [ω1 ω2] is then calcu-
lated by

E =
1
π

∫
ω2

ω1
| X( jω)2 | dω. (3)

The PSD of the envelope of the signal x obtained by using
Hilbert transform is used as the other abnormality detection tool.
The Hilbert envelope of x and the PSD of the envelope signal are
defined by

X̃( jω) = X( jω)(− j.sgn(ω)), Sx̃x̃( jω) =
| X̃(ω) |2

n
, (4)

where X̃ and Sx̃x̃ are the envelope and envelope PSD spec-
trums of x, and sgn is the signum function. Subsequently, the
energy of X̃ is used for the fault detection purpose.
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It is worth noting that the vibration response is basically the
summation (and not the multiplication) of a wide range of si-
nusoidal signals with different frequencies and amplitudes. The
envelope or the amplitude demodulation of such a signal shows
in its FFT all the frequencies of the signal plus a number of
sidebands which are the combinations of the different frequency
components of the signal. Feng et al. [13] has proposed a model
for the vibration response of a planetary gearbox, where the am-
plitude demodulated signal of the vibration response contains all
the combinations of the system and defect frequencies. The latter
does not characterize any filtering feature of the envelope anal-
ysis to distinguish the defect frequencies from the system reso-
nance frequencies.

The spectral envelope is also the envelope curve of the am-
plitude spectrum and a smoothed version of the signal spectrum
which wraps tightly around the magnitude spectrum, linking the
peaks of the spectrum [14]. The latter is widely used for sound
processing applications, and shows some features in highlighting
the peaks of the PSD spectrum of the signal. The resultant can
provide a smoother and more noise resilient signal which can be
used as the input signal in the third energy-based detection tool in
the paper. The spectral envelope of Sxx(ω) by using the Hilbert
transform is defined by

S̃xx(ω) =
1
π

∫
∞

−∞

Sxx(Ω)

ω−Ω
dΩ. (5)

In the paper, since the measurements are discretized in time,
the normalized energy based on the normalized length-n discrete
Fourier transform is used, where n is the spectrum frequency res-
olution. The normalization in this context means a division by√

n for FFT which is equivalent to a division by n for the PSD
of the signal. Two different energy indices EI1 and EI2 are then
calculated as

EI1 =
E∗

E
, EI2 =

E∗ωs

Eωs

. (6)

where ∗ is used as the indicator for the suspicious data set. E and
E∗ are the energy over all the frequency horizon of normal and
suspicious cases, respectively. ωs is the frequency horizon which
covers the suspicious frequency ωs

∗ and 10% below and above it.
Eωs is the energy of the acceleration signal in the frequency range
ωs filtered by the band-pass filter H(ωs), X(ωs) = X(ω)H(ωs),
and E∗ωs is the same parameter of the suspicious case. The per-
formance of these two indices is demonstrated in the numerical
results section.

The other incentive for using the signal energy-based analy-
ses is the direct relation between the energy and the r.m.s value
of the signal, xr.m.s = 0.5

√
E, which avails to find thresholds for

energy-based methods by taking advantage of the available stan-
dards.

Angular velocity-based condition monitoring
As mentioned earlier, rotational motion of the drivetrain sys-

tem and the torsional behavior of most the drivetrain loads moti-
vate the application of angular velocity for the condition monitor-
ing of the drivetrain components. The latter can provide insight
regarding the excitation sources and drivetrain system properties
as inputs for condition monitoring of the system.

The equation (1) which describes the response in a system
with a linear motion can be extended to the system with a rota-
tional motion as

θ =

τ0
kt√

(1− ( ω

ωn
)2)2 +(2ζt(

ω

ωn
))2

, (7)

where θ is the angular position and τ0 is the amplitude of the
excitation momentum. For this case, ωn is the natural torsional
frequency of the system. kt is the torsional stiffness of the shaft,
and ζt is the torsional damping ratio.

Therefore, by the evaluation of the torsional response, it
could be possible to find the amplified torsional excitation fre-
quencies. Even though there is not any torque measurement de-
vice in the system, but the angular velocity analysis is expected
to provide similar information about the torsional vibrations due
to the relation between torque and angular velocity. The angular
velocity signals obtained by the two speed encoders embedded
on the high-speed and low-speed shafts are studied. Similar to
the procedure explained in the previous part, the frequency spec-
trum, PSD and energy of the two sets angular velocity time series
data are studied and the possibility to observe and detect ampli-
fied excitations and abnormalities is studied. The possibility of
using angular velocity-based energy indices to extract useful in-
formation for detection of different types of abnormalities is dis-
cussed in the numerical results section. The continued part de-
scribes the method based on the angular velocity measurements
i.e. by using the angular velocities residual signal.

Angular velocity error function The angular velocity
residual/error function etotal observed in the high-speed side of
the drivetrain is expressed by [15]

etotal = NHS−α1α2α3NLS, (8)

where NHS and NLS are the rotational speed in rpm obtained from
the high- and low-speed encoders, respectively. α1, α2 and α3
are the inverse of gear ratios of the gearbox stages. Gear ratio
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as per definition is Nin
Nout

, where Nin and Nout are the speeds of in-
put and output shafts, respectively. The FFT, PSD and energy of
the angular velocity residual signal etotal and the individual an-
gular velocity measurements for the detection of different types
of abnormalities are studied in the next section.

EXPERIMENTAL RESULTS AND DISCUSSIONS
The drivetrain components can be excited by different

sources of internal/external and torsional/non-torsional excita-
tions. In the Table 3, the different excitation sources, their types
and impacts on the under consideration land-based wind turbine
drivetrain are listed. With respect to the different types of excita-
tion sources, different test cases are designed in the following. In
scenario one, the system responses including axial/radial accel-
erations, angular velocity measurements and angular velocities
residual signal are studied under internal and non-torsional driv-
etrain excitations. In scenario two, the drivetrain responses under
internal and torsional excitations are evaluated. In scenario three,
the responses are studied under external and torsional drivetrain
excitation sources.

Scenario one: internal and non-torsional excitations
In the test scenario one, it is assumed that the abnormal-

ity source causes axial/radial motions in the system. The under
consideration internal excitation source is the helical gear mesh
frequency of the third stage of gearbox which is resulted due to
the defective gear teeth and causes axial/radial vibrations in the
system. The latter can be observed at the mesh frequency of the
high-speed stage gear, fm = 529Hz, in the frequency spectrum
of the radial and axial acceleration sensors installed in different
locations of the gearbox and the main bearings. However, the
abnormality is not observable by the generator acceleration sen-
sors.

Fig. 2 shows the frequency spectrum of the gearbox ac-
celerometers, speed encoders and angular velocity error around
the excitation frequency. The high-amplitude excitation at f =
529Hz in this figure can represent either an excited natural fre-
quency by the excitation frequency or an amplified internal exci-
tation due to an abnormality in the excitation source. As it can be
seen in Fig. 2, the under consideration abnormality is observable
by the acceleration measurements but non-observable by angu-
lar velocity signals. The normalized energy indices EI1 and EI2

of all the acceleration and angular velocity signals under a rated
operation of the suspicious drivetrain are presented in Table 4.
Our extensive observations showed that for different sets of op-
erational data, the threshold 3 can provide a criterion to evaluate
if the abnormality can be detected by the energy method applied
on the associated sensor. Based on this explanation, the energy
index EI1 is not performing well in detection of the abnormal-
ities, and the energy index EI2 is preferred based on the simu-

lation study. The higher values of this index can represent both
the severity of the abnormality and the higher capability of the
sensor in observing it. The better visibility of the aforedescribed
gear problem in AC5 signal is due to the transfer of the resultant
load of the gear mesh excitation from the high speed stage gear
to lower stage gears through the tooth contact between the stages.
The direct contact between the ring gear of the first stage of gear-
box and the housing transfers the mentioned load directly to AC5
sensor which results in a better visibility of the abnormality by
AC5. The latter, transpires that the acceleration measurements
on the planetary stages could be of a higher importance for the
detection of problems in the gears. The mentioned abnormality
does not reveal any sign in the angular velocity measurements
and the angular velocity residual signal, because it does not pro-
duce any significant vibration in the rotational direction. Since
the source of excitation is non-torsional, the frequency of occur-
rence is expected to be the same for the different measurement
points. Therefore, the abnormality is seen with the same fre-
quency in the acceleration data of the different sensors located in
different places of the drivetrain.

As it can be seen in Table 5, the described abnormality can-
not be detected by the conventional time domain approach based
on the evaluation of the r.m.s value of the acceleration time series
data.

Scenario two: internal and torsional excitations

The performance of the angular velocity signals and the se-
lected acceleration measurements in distinguishing an internal
torsional excitation induced by generator electromagnetic torque
oscillations is demonstrated in Fig. 3 (P is the frequency of the
voltage main component).

The induction generator electromagnetic torque oscillations
happen significantly with the voltage frequency 50Hz and the
third order harmonics as a consequence of the current and back
emf harmonics caused by power electronic converter and the grid
low power quality, and the second harmonic as a result of voltage
unbalanced operations, [16,17]. The cogging effects between the
stator and rotor teeth also result in the torque oscillation whose
frequency depends on the numbers of machine slots and may
not happen in integer multiples of 50Hz. As it can be seen in
Fig. 3, these abnormalities are observable by angular velocity er-
ror function but non-observable by acceleration measurements.
There is a high possibility that these excitation frequencies co-
incide the defect frequencies of the generator and gearbox high-
speed stage bearings which are among the most important rea-
sons of failure in the geared drivetrains equipped with high-speed
generators. The performance of angular velocity energy indices
for detecting the mentioned abnormality in the system is shown
in Table 6.
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TABLE 3: Drivetrain excitation sources.

Excitation Frequency range Type (internal/external) Vibration (torsional/non-torsional)

Gears de f ect (Hz) 0−550 Internal Non− torsional

Bearings de f ect (Hz) 0−220 Internal Non− torsional

Turbine rotational motion (Hz) 0−0.32 External Torsional

Tower shadow (Hz) 0−0.97 External Torsional/non− torsional

Wind (Hz) 0−0.02 External Torsional/non− torsional

Electromagnetic torque oscillations (Hz) 0−3000 Internal Torsional
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FIGURE 2: First test scenario.

TABLE 4: Calculated energy indices for the suspicious frequency ω∗ = 529Hz.

Criterion

Sensor
AC1 AC2 AC3 AC4 AC5 AC6 AC7 AC8 EN1 EN2 etotal

EI1 1.64 2.41 2.19 2.25 1.66 1.38 0.92 0.96 1.01 1.01 1.06

EI2 4.71 17.17 25.14 3.19 25.30 7.00 1.11 1.00 1.01 1.00 0.87

Scenario three: external and torsional excitations

Fig. 4 shows the low frequency content of the under consid-
eration signals. As it can be seen, in the angular velocity signals
of EN1 and EN2, two amplified frequencies are observed. Re-
grading the very low frequency content of them, it is expected

that these frequencies are excited by drivetrain external excita-
tion sources. The first occurs at 0.05Hz which could be the first
tower side-side natural frequency of a soft-soft design excited by
wind due to the wind impulsive behavior [18]. The performance
of energy index approach in distinguishing this abnormality is
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FIGURE 3: Second test scenario.
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FIGURE 4: Third Test scenario.

shown in Table 7.
The other happens with the harmonics of 0.97Hz which co-

incides the blade passing frequency as a consequence of tower
shadow excitation effect. As it can be seen in Fig. 4, these exci-
tations are observable by angular velocity measurements but not
observable by acceleration data. The external excitations are fil-
tered from angular velocity residual so that these excitations are
not observable by the angular velocity error function.

The excited frequencies in the torsional response does not
necessarily represent a defect in the system, but provides valu-

able insights about the torsional loads which can influence on
the drivetrain components but may not be considered in the de-
sign step. An amplified frequency in angular velocity spectrum
can represent either an abnormal internal/external torsional ex-
citation source which can considerably affect the fatigue life of
the system, or an amplified torsional frequency. These impacts
are not necessarily observed on the spectrum of acceleration data
due to either the pollution of the frequency domain signal around
those frequencies or the non-force impacts of those excitation.

The performance of PSD of the AC5 acceleration signal and
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FIGURE 5: PSD, PSD of envelope, FFT and spectral envelope of PSD of AC5 acceleration signal.

TABLE 5: Acceleration r.m.s compared with the warning limits
brought in standard ISO 10816-21.

Comparison

Sensor
AC3 AC4 AC5 AC6

Measured r.m.s (m/s2) 0.04 0.03 0.07 0.06

Standard r.m.s threshold (m/s2) 0.3 0.3 0.3 7.5

TABLE 6: Calculated energy indices for the suspicious frequency
ω∗ = 170Hz.

Criterion

Sensor
EN1 EN2 etotal

EI1 1.01 1.01 1.06

EI2 2.21 1.97 26.47

its envelope compared with the spectral envelope of PSD and
the FFT of signal in extracting the useful information is demon-
strated in Fig. 5. As it can be seen, PSD and spectral enve-
lope of PSD show a higher performance in extracting features
out of the signal. The slightly higher performance of spectral en-
velope of PSD compared to PSD by cancellation of some peaks
due to random vibrations, and smoother and greater amplifica-
tion of the signal at the defect frequencies is shown in the figure.
The spectral envelope cancels the influences of random vibra-

TABLE 7: Calculated energy indices for the suspicious frequency
ω∗ = 0.05Hz.

Criterion

Sensor
EN1 EN2 etotal

EI1 1.01 1.01 1.06

EI2 7.97 7.96 0.64

tions due to wind turbulences and drivetrain transients which can
bury the harmonics associated with the components defect fre-
quencies in the standard FFT spectrum. In PSD of envelope,
additional sidebands as the combination of system and defect
frequencies are added compared to PSD. The figure also clearly
shows the lower performance of standard FFT due to the back-
ground noises. Based on this study, to compromise between the
simplicity and accuracy, the PSD of the signal is selected as the
input of energy method in the simulation studies.

CONCLUSION
The experimental evaluation of angular velocity error func-

tion showed a potential in distinguishing internal torsional exci-
tations, whereas this category of excitations were not observable
with neither acceleration sensors nor individual speed encoders.
Even though the acceleration measurements perform well in de-
tecting non-torsional internal excitations, but the impacts of tor-
sional excitations are either lost in the polluted FFT signal or not
significant so that cannot be detected in early stages by acceler-
ation measurements. In addition, the individual angular velocity
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measurements reveals the external torsional excitations, whereas
both the acceleration measurements and angular velocity residual
signal do not disclose them. The application of angular veloc-
ity measurements and angular velocity error function for better
evaluation of the excitation sources and the subsequent earlier
stage detection of abnormalities initiated by torsional excitations
is suggested.
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