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Abstract
Dynamical control system optimization and noise and vibration mitigation are particularly pressing issues as
regards horizontal-axis small wind turbines. A peculiarity of this technology is that the generator constitutes
a non-negligible fraction of the total mass and therefore the electromechanical coupling is relevant. Condition
monitoring of small wind turbine generators is an overlooked topic in the literature and in the operation of
these systems. This work is devoted to damage diagnosis on a permanent magnet generator of a horizontal-
axis wind turbine having 3 kW of maximum power and 2 meters of rotor diameter. The experimental analysis
is conducted through wind tunnel tests and on a generator test rig where a damaged and an undamaged
generators have been driven at different rotational speeds. The test rig data are useful for studying the low-
frequency tail of the spectrum, where the characteristic frequencies of the bearing are located. A fault in the
cage of the bearing supporting the generator is diagnosed using the spectral coherence analysis.

1 Introduction

Small wind turbine technology [1] is characterized by a considerable range of criticality, basically dictated
by the fact that it is expected to be targeted for domestic use. This implies that the size of the devices should
be sufficiently small for the possible use in urban environment, that the material should be cheap enough
in order that the price on the market is affordable for domestic investment, that the control system should
be simple enough in order that the device can be exploited by users without technical expertise, that the
efficiency of wind kinetic energy conversion should be high enough to counteract public opinion prejudices
according to which this kind of technology performs poorly [2].

Optimizing power extraction means, especially for horizontal axis small wind turbines (HAWT), rotational
speed up to several hundreds of rotor revolutions per minute (rpm). This implies that the control system
has a crucial role and this is especially true in urban environment [3], where the resource is particularly
characterized by gustiness, severe unsteadiness, meandering direction.

For these reasons, noise and vibration issues [4, 5, 6] are very common as regards small HAWT. The me-
chanical behavior of small HAWTs is strongly affected by the importance of the electromechanical couplings
[7], due to fact that the generator constitutes a remarkable fraction of the total mass of the device. Therefore,
the generator can transmit to the structure powerful contributions, possibly causing unexpected disturbing
vibrations at high frequency. The literature about condition monitoring of generators of small wind turbines
is remarkably missing. An inspiring paper for the objectives of this work is [8] where mechanical faults of
a 500 W permanent magnet generator are studied. Two cases are considered: ball bearing outer race defect
and rotor imbalance. One of the points of [8] is that a test rig has been developed in order to perform condi-
tion monitoring for varying shaft speed. A set of methods (continuous wavelet transform, short-time Fourier
transform, order analysis, wavelet power spectrum) is shown to be effective for the objectives of the work.

On these grounds, the present work is devoted to the condition monitoring of a generator of a small HAWT
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(horizontal axis wind turbine) having 2 meters of rotor diameter with a maximum power of 3 kW [9]. The
test wind turbine has no gears and it is equipped with a permanent magnet generator (PMG).

The experimental analysis of the whole device has been performed through wind tunnel tests in the “R. Balli”
(www.windtunnel.unipg.it) wind tunnel at the University of Perugia and a generator test rig has been used to
analyze the PMG driven at different rotational speeds.

The general lesson from this case study is that, despite the simplicity and the cheap manufacturing of a small
HAWT, the condition monitoring for this kind of systems requires sophisticated measurements and signal
processing techniques. In particular, it arises that the vibrational and acoustic measurements in the wind tun-
nel resulted to be appropriate for identifying the main features of the spectra. The diagnosis of the anomaly
has been possible using the test rig measurements, because these measurements are more appropriate for the
study of the low-frequency spectrum where the characteristic frequencies of the bearings are located. In par-
ticular, the spectral coherence analysis has resulted to be a powerful technique because it clearly highlights
the frequency content of ciclostationary signals [13] and the contributions to spectrum that arise are inter-
pretable in light of the theoretical characteristic frequencies of the bearing. Finally, therefore, The general
lesson from this case study is that, despite the simplicity and the cheap manufacturing of a small HAWT,
the condition monitoring for this kind of systems requires sophisticated measurements and signal processing
techniques. In particular, it arises that the vibrational and acoustic measurements in the wind tunnel resulted
to be appropriate for identifying the main features of the spectra. The diagnosis of the anomaly has been
possible using the test rig measurements, because these measurements are more appropriate for the study of
the low-frequency spectrum where the characteristic frequencies of the bearings are located. In particular,
the spectral coherence analysis has resulted to be a powerful technique because it clearly highlights the fre-
quency content of ciclostationary signals [13] and the contributions to spectrum that arise are interpretable
in light of the theoretical characteristic frequencies of the bearing. Finally, therefore, a suspect damage at the
cage of the bearing has been identified.

The structure of the manuscript is as follows: in Section 2, the test case is described; the methods are
presented in Section 3 and the results are collected in Section 4. Finally, conclusions are drawn in Section 5.

2 The test case

The wind turbine under investigation has 2 meters of rotor diameter and the maximum producible power is
3 kW. It has fixed pitch and the rotational speed varies from 200 to 800 rpm and the blades are made of a
glass-fiber-reinforced polymer. The wind turbine has full electric load control, and the yawing is provided by
the tail fin. For this study, it was controlled using a rpm-power curve extracted from wind tunnel experiments
at steady state. The wind turbine is shown in Figure 1.
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Figure 1: The front view of the wind turbine in the wind tunnel with the recovery test section on the back-
ground.

The wind tunnel is a closed-loop configuration, driven by a 375 kW electric motor. The air can be accelerated
up to a maximum speed of 47 m/s. The inlet section of the open test chamber has 5 m2 of area, and the
recovery section is 7 m2. Two Pitot tubes and a cup anemometer measure the wind speed blowing on the test
section and a control station in the testing room measures the real-time static air pressure, temperature and
relative humidity. It is possible to generate wind time histories that are variable in time, because the wind
tunnel fan is controlled through an inverter.

During the wind tunnel tests, vibration measurements are collected through a radial accelerometer near the
rear bearing of the shaft. At the same time also the rotational speed of the rotor and the noise are measured
respectively through a tachometer and a microphone placed laterally 2 m far from the rotor (out of the wind
flow). The sampling frequency is 5 kHz.

The test rig is displayed in Figure 2 where the position of the accelerometers used for the experimental
analysis can be appreciated. On the generator, uni-axial accelerometers have been fixed in radial positions,
in order to be aligned with front and rear bearings. A tri-axial accelerometer has been fixed on the front shell,
just above the shaft hole; anyway the results revealed, as expected, that radial measurements near the bearing
are the most meaningful for fault diagnosis. A torque meter was installed on the shaft from the motor to the
generator, while rpm were measured thanks to an optical tachometer. Also electrical parameters (tension and
current) were monitored on the brake circuit on the DC resistive load in order to estimate the power output
from the generator. The sampling frequency is 5 kHz.
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Figure 2: Test rig for the electric generator.

3 The methods

Two 1800 W PMGs were tested collecting mechanical and electric data both with wind tunnel ramp and
steady test, as well as driving the generator on a test rig. The two electric generators are exactly the same
model, but one of them revealed a faulty behavior resulting in vibration and poor performances. This can be
appreciated as follows.

In the test rig, the driving torque was provided by an electric motor (see Figure 2), applying on the generator
circuit side a resistive load in the same way as in the tunnel tests. Using the measurements from the torque
meter and the optical tachometer, it is possible to calculate the mechanical power incoming in the generator,
thanks to the relationship Pmec = Cmω = Cm

2πN
60 . About the electric side of the test rig, three-phases

power was transformed into direct-current thanks to a rectifier and both the voltage and current intensity
were measured in order to calculate the electric power produced by the generator as Pel = V i. Therefore,
the efficiency of the generator can be calculated as η = Pel

Pmec
and the results for different working conditions

are reported in Table 1. It arises that the faulty generator is indeed clearly under-performing.

rpm healthy (%) faulty (%)
300 96.55 95.68
400 97.21 96.98
500 97.80 96.67

Table 1: Mean efficiency η at different rpm for healthy and faulty generator.

Several tests have been performed, with constant rpm and increasing ones. In particular, stationary tests
have been performed at 300, 400 and 500 rpm and ramps tests from 300 to 500 rpm have been conducted.
Electrical load was managed through a rheostat, where the electrical power produced was dissipated. For
the ramp tests, the value of resistance was fixed, while the frequency to the inverter was increasing. The
post-processing has been performed using Matlab.
Since the generator is gearless, the suspected fault causing the under-performance should be in the bearings
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and this motivates the comprehension of this kind of systems, in order to interpret properly the experimental
data.

3.1 Bearing characteristic frequencies

In order to interpret the frequency content of the acquired vibration signals, it is necessary that the possible
contribution from a fault on each of the bearing components is clear. The literature about bearing faults
comes at hand [14] at this aim. The bearing parameters are indicated as follows: fr is the number of rpm
of the shaft (Hz), Db is the diameter of the rolling elements, Dp is the mean diameter of the bearing (pitch
diameter), Z is the number of the rolling elements, α is the contact angle. The characteristic frequencies of
possible faults are:

• damage on the inner race (BPFI, Ball Pass Frequency on Inner ring): fi = Z fr
2

{
1 + Db

Dp
cos (α)

}

• damage on the outer race (BPFO, Ball Pass Frequency on Outer ring): fo = Z fr
2

{
1− Db

Dp
cos (α)

}

• damage on the rolling elements (BSF, Ball Spin Frequency): fr = fr
2
Dp

Db

{
1−

[
Db
Dp

cos (α)
]2}

• damage on the cage (FTF, Foundamental Train Frequency): fc = fr
2

{
1− Db

Dp
cos (α)

}

In this case, we have α = 0, Z = 9, Db = 0.0111 m., Dp = 0.0549 m. and so we get the following
frequencies:

damaged component order (-)
inner race 5.4098
outer race 3.5902

rolling elements 2.3719
cage 0.3989

Table 2: Characteristic frequencies for bearing faults.

3.2 Data analysis

The measurements collected in the test rig and in the wind tunnel through accelerometers and microphone
can be analyzed basically in the time domain or in the frequency domain.

As regards the time domain, several are the possible metrics for feature extraction. The squared Mahalanobis
distance [10, 11] is commonly employed to measure the distinction between the characteristic vectors and
has been shown to be effective in identifying the component looseness at different locations of rotating
machinery. In this work, it has been used as follows: the selected time series are two from the healthy
generator and one of the faulty generator. The test rig is run at the same working conditions and one healthy
time series is taken as reference with respect to which computing the Mahalanobis distance for the remainder
healthy time series and for the faulty one. Other features in the time domain are investigated [12], as for
example, the kurtosis and the skewness.

As regards the frequency domain, the spectral analysis of ciclostationarity [13] has emerged in the last
decades as a powerful approach for characterizing certain types of non-stationary mechanical signals, as for
example from rotating machines like wind turbines. The autocorrelation function of a ciclostationary signal
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contains all the information, but the frequency domain is the most powerful point of view for interpreting it.
The spectral correlation is defined as

SXX (α, f) = lim
T→∞

E
{
XT

(
f +

α

2

)
X∗T

(
f − α

2

)}
, (1)

where XT (f) is the Fourier transform of the signal x(t) over an interval T . If the modulation of the signal is
periodic, the spectral correlation is continuous in f and discrete in α: it is non-zero only at those frequencies
that are multiple of fundamental modulation frequency. This technique is therefore powerful to extract the
frequency content of a ciclostationary signal.

4 The results

4.1 Wind tunnel results

In Figure 3, the waterfall plot of the radial vibrations under the ramp wind time series is reported, when the
faulty generator is adopted. The most evident contribution to the spectrum is 48P and 96P that are due to the
electromechanical coupling (as discussed also in [7]).

Figure 3: The waterfall plot of radial vibrations: faulty generator.

Figure 3 is indecisive as regards bearing fault detection and, for this reason, a waterfall plot focused on the
low frequencies is reported in Figure 4 for the faulty generator and in Figure 5 for the healthy generator.

4798 PROCEEDINGS OF ISMA2018 AND USD2018



Figure 4: The waterfall plot of low frequency radial vibrations: faulty generator.

Figure 5: The waterfall plot of low frequency radial vibrations: healthy generator.

Comparing Figure 4 to 5, it is evident that the low-frequency vibration spectrum of the faulty generator has
different features with respect to the healthy one, as regards amplitude and frequency contributions.
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On these grounds, a further investigation on the faulty generator can be provided through the acoustic anal-
ysis. The advantage of acoustic analysis is the fact that it is not linked to the positioning on the damaged
component; this can indeed be also a downside because an aerodynamic perspective might not be decisive
for diagnosing a localized fault inside a wind turbine component. In Figures 6, the waterfall plot of the sig-
nal collected by the microphone is reported. It is remarkable that the electromechanical coupling is clearly
visible in the acoustic spectrum. Furthermore, the spectrum is dominated by the contributions around the
3P frequency and this is consistent with the fact that acoustic measurements are sensitive most of all to the
aerodynamics of the cyclic motion of the wind turbine.

Figure 6: The waterfall plot of acoustic vibrations: faulty generator.

In Figure 7, the low-frequency waterfall plot is reported: it is interesting to notice the contribution around a
0.4P frequency at very high rotational regimes.
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Figure 7: The waterfall plot of low-frequency acoustic vibrations: faulty generator.

Finally, a spectral coherence analysis has been performed on the radial accelerometer signal and the results
for the two generators are plotted in Figure 8 and Figure 9.
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Figure 8: Spectral coherence analysis: healthy generator.

Figure 9: Spectral coherence analysis: faulty generator.

Comparing the two figures, it arises that Figure 9 is noisier with respect to Figure 8 and that a contribution at
0.4P (and second harmonic) is visible: it corresponds to the characteristic frequency of the cage (see Table
2). This points to a possible detection of the damage, as shall be supported by the results for the test rig data
analysis.
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4.2 Test rig results

In Figure 10, results are reported for the study of unprocessed data in the time domain. Tests at 400 rpm are
selected and one time series from the undamaged generator is taken as reference. The target time series are
collected as well at 400 rpm and one is taken from the undamaged generator and one from the damaged. The
Mahalanobis distance between target and reference is computed and, from Figure 10, no clear indications
arise for distinguishing the damaged from the undamaged generator.

Figure 10: Mahalanobis distance between reference time series of undamaged generator and target time
series of undamaged (blue) and damaged (red) generator. Tests at 400 rpm.

For this reason, data have subsequently order tracked around the characteristic frequencies of the bearing
(Table 2) and sample results are reported in Figures 11 and 12 respectively for the cage and inner track
frequency.
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Figure 11: Mahalanobis distance between reference time series of undamaged generator and target time se-
ries of undamaged (blue) and damaged (red) generator. Data are order-tracked around the cage characteristic
frequency. Tests at 400 rpm.

Figure 12: Mahalanobis distance between reference time series of undamaged generator and target time
series of undamaged (blue) and damaged (red) generator. Data are order-tracked around the inner race
characteristic frequency. Tests at 400 rpm.

In these cases, it clearly arises that the Mahalanobis distance is a responsive metric for distinguishing the
damaged from the undamaged generator and it is evidently confirmed the intuitive expectation that the sus-
pect damage regards the generator bearing. The missing information at this stage is the precise location
of the damage in the bearing and, for this reason, the further analysis of the frequency content through the
spectral coherence method can be decisive. The spectral coherence analysis for the test rig measurements at
400 rpm is represented in Figure 13 and Figure 14, using the data collected by a radial accelerometer.
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Figure 13: Spectral coherence analysis: healthy generator.

Figure 14: Spectral coherence analysis: faulty generator.

Comparing Figure 14 to 13, once again it arises that, in the spectral correlation of the faulty generator,
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contributions at 0.4P and harmonics arise and this can be interpreted as due to a damage in the cage of the
bearing (Table 2).

5 Conclusions

This work was devoted to the experimental analysis of a permanent magnet generator of a small HAWT with
the aim of developing condition monitoring and damage diagnosis techniques. It is remarkable that this topic
is quite overlooked in the scientific literature, despite the peculiarity of small HAWTs (small dimensions and
high rotational speed) call for sophisticated analysis techniques and despite that the topic is quite pressing for
the successful exploitation of small wind turbine technology, in order to mitigate noise and vibration issues.

The test case of this work was a 1800 W PMG, that has been adopted on a HAWT having 2 meters of rotor
diameter and 3 kW of maximum producible power. Previous studies have been conducted on the dynamic
behavior of this wind turbine [7] demonstrating a strong importance of the electromechanical coupling.

Experimental data have been collected in the wind tunnel through accelerometers and acoustic measurement
campaigns; steady and ramp tests have been conducted. Furthermore, the generator suspected of being
damaged has been driven on a test rig and measurements have been collected through accelerometers aligned
with front and rear bearings. The test rig campaign has been particularly useful because it is more powerful
for distinguishing the performances of the damaged generator with respect to an undamaged identical one.

Since the generator is gearless, the analysis has been focused on the bearings and the characteristic frequen-
cies associated to damages on the different parts have been identified. The test rig data have been particularly
useful for the diagnosis of the damage, because the low-frequency tail of the spectrum can more easily be
interpreted with respect to what happens with the wind tunnel tests, involving the generator and the wind
turbine operating jointly.

The lesson from this test case is that, despite the analysis in the time domain provides some indications of
the anomaly, the damage can be better localized using signal analysis techniques devoted to ciclostationary
phenomena. The spectral correlation analysis revealed a frequency content compatible with a damage on the
cage of the bearing.

The general lesson from this study is that the cheap technology, commonly adopted for small HAWT in order
to reduce the costs and spread this technology for domestic use, can be troublesome as regards performances
and noise and vibration issues. The condition monitoring of this kind of devices requires complex techniques,
whose study should be encouraged in the academia and whose adoption should be boosted in the industry
for the successful use of this kind of clean energy conversion systems.
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