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Abstract - A technique for detecting faults in variable
speed wind turbines with permanent magnet synchronous
generators is proposed. The proposal consist on sampling
and process vibration signals at constant position intervals,
in order to obtain a speed independent vibration spectrum.
The angular position information is obtained using a
reduced order observer which allows estimating rotor
position using voltage and current measurements, without
the need of a position sensor. The estimated position is
used for resampling vibration signals at constant position
intervals with a high number of samples per revolution.
Experimental results including a rotor imbalance fault are
presented to validate the proposal.

Keywords — Fault detection, Permanent magnet
synchronous generator, Vibration, Wind turbines.

I. INTRODUCTION

The increased use of renewable energy, particularly wind
power, has increased interest in the development of condition
monitoring techniques for these equipments [1]-[8]. Fault
detection can prevent significant losses due to both generator
breakage or other element of the turbine as well as the costs
associated with energy not generated while the equipment is
repaired. In general, wind turbines are located in difficult
accessed places and hence, the significant importance of the
automatic fault detection strategies that quite aid to lower the
maintenance costs [9].

Wind turbine faults can be originated in the impeller
including blades imbalance, torque oscillations, flow
problems, among other external disturbances, and those
associated with the transmission or mechanical coupling
problems, such as axes misalignment or faulty gears [10]-
[12]. Faults in generators, on the other hand, can be electrical,
mechanical, or a combination of both; or electrical faults
whose origin was a mechanical or vice versa. Most internal
machine faults occur in the stator and in the bearings, and, in
a lesser degree, in the rotor [13],[14].

Recently, Permanent Magnet Synchronous Generators
(PMSG) have been used in wind turbines due to their high
power density. This allows constructing generators with a high
number of poles, thereby avoiding the use of heavy gearboxes
[15],[16].

Usually, vibration analysis is used for monitoring the
condition of gearbox, bearings and blades, while the analysis
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Fig. 1. General scheme of the proposed strategy.

of generator current spectrum is usually used for detecting
faults in the generator itself.

For these reasons, condition monitoring systems in wind
turbines usually include accelerometers (or another vibration
sensors) placed in various points of the turbine. Besides,
voltage and current sensors are included for both, protection or
monitoring, and for control purposes [17],[18]. In any case, it
is necessary to identify the operating frequencies and calculate
the specific frequencies of faulty components. However,
the main problem for condition monitoring of wind turbines
is their operation at variable speed and load, which makes
necessary to modify standard signal processing techniques to
take into account such conditions [19].

A new method for processing vibration signals is proposed
in this work. The proposed technique is based on a resampling
of the acquired signals in order to obtain a speed independent
vibration spectrum. Unlike previous works, such as [19], the
resampling is obtained using a reduced order observer which
allows estimating rotor position using generator voltage and
current measurements, without the need of a position sensor.
Moreover, due to high resolution in the position provided
by the observer, a higher number of position samples per
revolution is obtained, which makes the proposed resampling
less sensitive to the interpolation method used.

II. PROPOSED STRATEGY

Figure 1 shows a general scheme of the proposed strategy.
Based on the measurements of generator voltages and currents,
a reduced order observer is designed in order to estimate
the rotor position without using a position sensor. From
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the estimated position, vibration measurements are resampled
at constant position intervals, in order to obtain a speed-
independent signal used to detect and diagnose the faults.

A. PMSG Model

In order to develop the position estimation observer, the
dynamic model of a PMSG is written in a stationary reference
frame a3 [20],

dio. R, 11
A A A
dig _ R 1 1 M
A A A A
W _,
dt 2
dw 1 . . B 1
w7 (@a (0) ia + s (0)is) — FY - de,

where i,, i, €a, €8, U, Ug Tepresent the current,
electromotive force (EMF) and stator voltage components,
respectively, in the stationary reference frame «5; R and L
are the stator resistance and inductance, respectively; 6 and w
represent the rotor position and speed; J and B are the inertia
and viscosity, respectively; and Ty is the wind turbine driving

torque.
The EMF induced into the stator windings is given by,
O\ db
=g ar v 5
by Dads _

where )., and Ag are the linked flux components, and ¢,
and g are the components of the flux derivative with respect
to the rotor position.

In a sinusoidal PMSG, ¢, and ¢g are sinusoidal functions
of the position whereas in trapezoidal PMSGs they are
trapezoidal. However, in many PMSG, these functions are
neither sinusoidal nor trapezoidal [21]. For this reason ¢, and
g are functions to be determined according to the generator
type. These functions can be previously determined in an
experimental way by measuring the instantaneous voltage,
rotor position and speed under no-load condition. Once
determined, these waveforms can be incorporated into the
observer model as proposed in [22].

For simplicity, a sinusoidal PMSG is considered in this
work, which is a particular case of the more general one
presented in [22]. Therefore, for a sinusoidal PMSG is enough
to consider only the fundamental component of the EMF
waveforms. In this case, a8 components of the position
derivatives of flux are give by,

o (0) = —Psin (0
Pa (0) (0) @
g (0) = Dcos(0),

where ® is the magnitude of the rotor flux.

B. Nonlinear Observer
The information of speed and rotor position is contained
in the induced EMF, as shown in (3). Therefore, it could be

Eletron. Potén., Campo Grande, v. 19, n.4, p. 386-396, set./nov.2014

possible to estimate the induced EMF by measuring currents
and voltages, and then calculate the rotor position from the
estimated EMF. Position estimation from induced EMF may
be inaccurate or unfeasible at low or zero speed [23]. However,
since at low wind speed the energy that can be extracted from
the wind is very low, wind turbines always operate over a
minimum speed (cut-in speed) [24]-[26]. In variable speed
wind turbines with PMSG, the cut-in speed is about 0.25 and
0.4 pu [27]-[28]. Thus, EMF based rotor position estimation
is a good option for the operating range of such wind turbines.
In order to estimate the rotor position, the time derivative of
EMF can be calculated from (3) and taking into account (4),
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From (5), the following EMF observer can be proposed,
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where I is the estimated value of z, and the time derivatives
of stator currents are used as correction terms. An appropriate
gain g must be chosen when adjusting the observer in order to
obtain desired convergence as shown in [29].

The estimated current derivatives, necessary for obtaining
the correction term, can be calculated by (1),
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Furthermore, the time derivative of the estimated speed used
in (6) can be obtained from (2), assuming that driving torque
is unknown,
dw 1 B

b= L (Gin + Baig) — 2. 3

a=— 7 (Pata + @pig) — S0 (8)
The estimate of the machine’s speed can be found taking into
account (3) and (4), so,
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The calculation of the measured current derivative, used in
the correction term (6), may end up in a noisy estimation. To
avoid that, the following change of variables is proposed,

and,

éoz =€q + gLia
. (1
(g =€+ glLig.
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Taking time derivative of (11), and substituting from (6) and
(7), the proposed observer will result in,

a0
% = —¢po® + Pal + g (~Ria + éa — va)
. (12)
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and the estimated EMF can be obtained by solving (11),
éa = Co — gLia
. (13)
éﬁ = C,B — gLiﬂ.

The estimated position can be calculated from the estimated

EMF as follows,
=t ().
€s

and the estimated position derivative of flux is calculated
from (4) evaluated in the estimated position. The complete
algorithm of the proposed observer can be found in the
Appendix.

(14)

C. Sampling of vibrations signals

As shown in Figure 1, the rotor position estimated by
the observer is used to obtain vibration measurement signals
at equally-spaced rotor position instants. In this way, we
obtain the same number of samples in a complete rotor turn,
independently of the wind turbine speed. Moreover, since
the proposed observer uses current and voltage measurements
to estimate rotor position, sampling signal is independent of
the load supplied by the generator. In this work, to obtain
vibrations of constant position intervals, two different methods
are proposed as described below.

1) Resampling at constant position intervals - If vibration
signals are sampled at constant time intervals, it is possible
to implement offline the proposed resampling at constant
position intervals. As an example, Figure 2 shows the
proposed method implemented for a number of samples

n = 5. Vector  contains position data obtained from the
EMF observer sampled at constant time intervals:

0= [0y By - O] (15)

These data are obtained at the same sampling instants than
the vibration signal, as shown in the example of Figure 2 (a),

(16)

For resampling vibration signal, vector of positions is
redefined at constant intervals given by

T=[ra) 2@) - Tw)
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Fig. 2. Proposed resampling method: (a) data sampled at constant
time intervals, (b) data resampled at constant position intervals.

Then, vibration signal resampled at constant position
intervals are obtained by interpolation as shown in Figure 2
(b),

(19)

Unlike [19], the proposed resampling method does not
perform interpolation of the vector of acquisition times so that,
for the same amount of data the number of interpolations is
reduced by half.

2) Sampling at constant position intervals - If the strategy is
implemented in a Digital Signal Processor (DSP) it is possible
to sample vibration signals at intervals of constant position
in real time, using the estimated position of the observer. In
this way there is no need to perform the resampling as in
the previous proposal. In Figure 3 a block diagram with
the proposed strategy for sampling the vibration signals is
shown. Both, phase currents and line voltages are sampled
at constant time intervals. Then, the sampled signals are
transformed to an « — f3 reference frame and used as inputs
in the EMF observer. The EMF is used for position estimation
as described in subsection II.B. Finally, the estimated position
is used to determine the sampling instants for the vibration
signals. The intervals between samples are chosen according
to the number of samples per revolution m that are necessary
for the detection of faults.

=Ty Ty o Ty

D. Fault detection strategy

Vibration signals sampled at equally-spaced rotor positions
allows to process the signals using the usual methods (i.e.
frequency spectrum), avoiding the need to use some time-
frequency analysis. Once obtained the frequency spectrum
of vibration signals, clear spectrum components associated
to each fault can be identified, simplifying diagnosis tasks.
A scheme for the fault detection strategy is shown in
Figure 4. Rotor imbalance produces an increase in the
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Fig. 3. Proposed strategy for sampling at constant position intervals.

Sampling

Fig. 4. Scheme of the proposed fault detection strategy.

vibration component at one cycle per rotor revolution. For
a sampling at intervals Af and data set length of n, the
resolution of the frequency spectrum in cycles per revolution
(ACPR) is given by,

2

ACPR = = 2
CPR Y (20)

Then, if the vector ¥ = [y(1) Y@2) ... Y(n)| corresponds
to the absolute values of the frequency spectrum components,
the component at one cycle per revolution is y(;) with k =
= Clp 7= %;a. Then, the component used for detection of the

imbalance Y7 is extracted form the vector 3/ as follows,

Yy = max ([yg—s) -« Yoern))) 20

where b defines a narrow band around the £ component.

As a first approach, in this paper a limit checking of
absolutes values is proposed. Thresholds are selected based
on experience and initial measurement on the system. As
used in most applications of fault diagnosis with vibration
monitoring, two limits are defined, one for triggering an alarm
Y1 and a second limit Y5 to immediately stop the turbine
(fault). Constant alarm limits may result conservatives to
detect faults at low speed, due to the level of vibrations
produced by imbalance usually increases with speed. This
is not a significant problem because the effects of imbalance
are more harmful when the turbine speed increase. As future
work, it is of interest to develop an adaptive threshold to
enhance the sensitivity of the detection strategy. Moreover,
with the objective of extracting the component Yy another
computational techniques such as correlation [30] can be used.
However, the use of the FFT also allows to obtain other
components in order to extend the strategy for detecting other
types of faults (e.g. bearings, gear or generator).

In the following section experimental validation of the
proposal is presented.

III. EXPERIMENTAL RESULTS

Figure 5 shows the test bench used for obtaining the
experimental results. It is composed by the PMSG under test,
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Fig. 6. Special plate placed between the PMSG and the induction
motor drive.

which is driven by a variable speed induction motor drive.
PMSG parameters are shown in Table I. A special plate is
coupled between the PMSG and the induction motor drive,
which allows including a mass at different distances from the
center of rotation, thus producing different rotor imbalance
levels (see Figure 6).

PMSG vibration is measured through accelerometers
mounted on the generator frame; and velocity vibration values
were obtained according to ISO 10816 [31]. Two output
currents are measured through AC current clamps, while
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Fig. 7. Observer convergence for g = 2000 (black line) and g = 400
(blue line). (a) Position estimation error and (b) Actual (dashed line)
and estimated (solid line) position.

two stator voltages are measured using 200 MHz bandwidth
isolated test probes. All measurements are acquired using
an oscillographic register and later processed in Matlab using
the proposed resampling at constant position intervals method.
In the implementation of the technique 64000 samples of
vibrations and electric variables (currents and voltages) were
acquired at 8 KS/s sampling frequency.

Observer gain was first designed following the procedure
proposed in [29], and later adjusted taking into account that
the selection of g results from a trade-off between observer
convergence speed and measurement noise influence. Thus, a
g = 2000 value was selected for all the experimental results.
Estimation position convergence is shown in Figure 7, for two
different values of gain g. Figure 7 (a) shows the estimation
error for g = 2000 (black) and g = 400 (blue), in order to
show that the proposed observer is stable for different gain
values. Actual and estimated position for these two gain values
are presented in Figure 7 (b). The observer was implemented
in discrete time, with a sampling period of 125 us, that is the
same sampling frequency of the acquired signals.

Different tests were performed to validate the proposed
strategy. These tests include constant speed and generator
load, variable speed operation of the loaded generator, and
variable speed operation with a sudden load change. All the
cases were tested with and without rotor imbalance.

A. Constant speed and load test

The first tests were performed at constant speed operation,
with a constant three-phase resistance connected at the
generator terminals. Figure 8 shows the velocity vibration
spectrum for the PMSG without rotor imbalance (a), and
with rotor imbalance (b). As it can be appreciated, a clear
component at one time rotation speed appear in the spectrum,
which increase its amplitude when rotor imbalance increases.
In this case, since rotor speed is constant, there is no need
of resampling, since vibration components can be clearly
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TABLE I
PMSG data and parameters

Rated torque 16,6 Nm
Rated current 7,7 A
Rated power 3,5 kW
Rated speed 2000 rpm
Inertia 0, 0046 kg.m?
Poles 8
R 1, 3960
L 9,354 mH
) 0,297 Wb/m?
0.8
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Fig. 8. Velocity vibrations at constant speed and load. (a) Balanced
and (b) with imbalance.

identified in the spectrum.

B. Variable speed with a constant load resistance

In these tests, PMSG is operated at variable speed, while
the constant resistance is connected at its terminals. Figure 9
(a) shows velocity vibrations measured at the PMSG frame, 9
(b) and 9 (c) shows the EMF and rotor speed estimated by the
proposed observer, for the balanced rotor case. Variable speed
operation makes that frequency components at the vibration
spectrum cannot be clearly appreciated if constant sampling
time is used, as can be appreciated in Figure 10 (a). However,
when vibration signals are resampled synchronized with the
estimated rotor position, velocity vibration spectrum shows
clear components, as it can be seen in Figure 10 (b).

A similar effect can be appreciated on the spectrum of the
generator voltage, Figure 11. As it can be appreciated, once
resampled using the proposed strategy, the component at four
times (the electric frequency) is clearly defined in the spectrum
of Figure 11 (b). So, this technique can be also used for
detecting electrical faults.

The case with rotor imbalance is presented in Figures 12
and 13. As it can be appreciated in Figure 12, vibration
level grows with unbalance, as expected. However, from the
vibration spectrum with the original sampling (Figure 13 (a))
this growth cannot be appreciated nor quantified (compare
with Figure 10 (a)). Once resampled using the proposed
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Fig. 9. Balanced machine at variable speed supplying a constant load.
(a) Velocity vibrations, (b) estimated EMF and (c) estimated rotor
speed.
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Fig. 11. Voltage spectrum for a balanced machine at variable speed
supplying a constant load. (a) Original sample and (b) resampled.
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Fig. 12. Unbalanced machine at variable speed supplying a constant
load. (a) Velocity vibrations, and (b) estimated rotor speed.

technique, the growth of the one time component due to
imbalance can be clearly appreciated (Figure 13 (b)).

C. Behavior under load changes

These tests were performed in order to show the robustness
of the proposed strategy against sudden load changes. The
PMSG is operating at constant speed at no load, when a
resistive load is connected at generator terminals during the
measurement interval. Figure 14 shows the machine velocity
vibrations and the velocity vibration spectrum for the balanced
case, while Figure 15 corresponds to the unbalanced machine
test. As it can be appreciated in Figure 14 (a) and Figure 15 (a),
load connection produces a transient in machine vibrations.
However, the spectra obtained using the proposed resampling
method allows to clearly appreciate the magnitude of the one
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resampled.
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Fig. 14. Balanced machine at constant speed during load connection.
(a) Velocity vibrations, and (b) Velocity vibration spectrum
(resampled using the proposed observer).

time component, as well as distinguish the balanced and the
unbalanced case, as can be seen in Figures 14 (b) and 15
(b). These spectra can be compared with those obtained in
the constant speed and load test (Figure 8).

In the next tests, the PMSG is first operating at variable
speed at no load, and a resistive load is suddenly connected
at generator terminals during the measurement interval. The
balanced rotor test is presented in Figures 16 and 17. Vibration
velocity signal and the estimated rotor speed are shown in
Figures 16 (a) and 16 (b), respectively. As it can be seen
in Figure 17 (b), the most clear component in the vibration
spectrum is the one at one time. However, this component
cannot be clearly appreciated using the original sampling
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connection. (a) Velocity vibrations, and (b) Velocity vibration
spectrum (resampled using the proposed observer).
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Fig. 16. Balanced machine at variable speed during load connection.
(a) Velocity vibrations, and (b) estimated rotor speed.

(Figure 17 (a)).

Figures 18 and 19 shows the results obtained for rotor
imbalance. Again, vibration signal of Figure 18 (a) shows
a growth due to imbalance, when compared with Figure 16
(a). However, the magnitude of such growth can only be
appreciated in the spectrum of the resampled vibration signal,
shown in Figure 19 (b), where the clear one time component
is seen.

D. Comparison with voltage based resample

In order to show the need of using the proposed observer,
Figure 20 (a) shows the vibration spectrum when vibration
signal is resampled using the angle of stator voltages. Even
when this resampling technique helps improving vibration
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Fig. 18. Unbalanced machine at variable speed during load
connection. (a) Velocity vibrations and (b) estimated rotor speed.

spectrum, this angle is affected by load changes. On the
contrary, the proposed observer based technique is not affected
by load changes, which produces a more clear vibration
spectrum, as shown in Figure 20 (b). This fact can be better
explained with the help of Figure 21. In Figure 21 (a),
module of the measured voltage (calculated from its o — (3
components) and of the estimated EMF are compared. As
it can be appreciated, once the load is connected, stator
voltage amplitude (dashed line) changes due to the voltage
drop produced in the generator impedance. On the other
hand, estimated EMF amplitude (solid line) is only affected
by the speed change, but not due to load change. A similar
effect is produced in the angle of the measured voltage.
Figure 21 (b) shows the difference between the angle of stator
voltage and the vector of equally spaced angles generated
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Fig. 19. Velocity vibrations for an unbalanced machine at variable
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Fig. 20. Velocity vibrations for an unbalanced machine during load
connection. (a) Resampled using voltages and (b) resampled using
the proposed observer.

for resampling (dashed line), and the difference between the
estimated position and the vector of equally spaced angles
(solid line). As it can be seen, before the load is connected
to the PMSG, both angles coincides, and the variation is
only produced by speed changes. However, once the load
is connected, these angles are different, due to the effect of
the generator impedance on the stator voltages. Thus, the
estimated position using the proposed observer allows a robust
resampling, almost independent of generator load changes.

E. Sensitivity to parameter variations

Since the proposed observer is based on the PMSG model,
sensitivity of the proposed strategy to variation or errors
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in the model parameters is evaluated in this section. The
proposed strategy was evaluated using the estimated positions
obtained from the observer with the rated parameters and three
additional cases: with half the inductance value 0.5L, with
half the resistance value 0.5 R and with double resistance value
2R. Then, the estimated position was used for implementing
the off-line resampling method for the same case presented in
the previous section.

As it can be appreciated in Figure 22 (a), parameter errors
introduce an error in the estimated EMF amplitude, when
compared to the EMF estimated using the rated parameters
(dashed line). However, as shown in Figure 22 (b) and
22 (c), the error in the estimated position with respect to
the obtained using the rated parameters is very low (below
0.01 rad). Therefore, the influence of parameter errors in
the final result, which is the resampled vibration spectrum, is
negligible, as can be seen in Figure 22 (d). In this figure, the
spectra obtained for the rated parameters case and the other
three cases are superimosed. As it can be appreciated, there is
not difference between them.

IV. CONCLUSIONS

In this work, a new method for processing vibration signals
was proposed in order to detect and diagnose faults in variable
speed wind turbines. The proposed technique is based on a
resampling of the acquired vibration signals in order to obtain
a speed independent spectrum. A reduced order observer
was designed for estimating rotor position using generator
voltage and current measurements, without the need of a
position sensor. Thus, the estimated position was used for
resampling vibration signals. A disadvantage of our approach
over other approaches, such as the one presented in [19], is
its higher computational cost due to the implementation of the
observer used for position estimation. Experimental results
for different generator operating conditions were presented. It
was demonstrated that the proposed strategy allows obtaining
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Fig. 22. Sensitivity to parameter variation. (a) Module of the
estimated EMF, (b) estimated position, (c) difference with the
estimated position using the rated parameters, (d) velocity vibration
spectrum.

well defined frequency components in the vibration spectrum
even under variable speed and load conditions.

APPENDIX

Considering the previously stated equations, the observer
algorithm can be implemented as follows,

e Initial conditions: 6 (0), & (0), é4 (0), &5 (0)
o Inputs: iq,18,Va,Vg
o Algorithm:

Pa = - s1nA(9) (22)
pg = P cos(0);
1 B
0 = = (Paia + Ppis) — =0 (23)
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&

dt = _(ﬁﬁaQ + @ad + g (_Ria - éa + Ua)

(24)
s .o oo L .
g = Paw’ + Ppa+ g (—Rig — és +vg);
€a = Ca —gliy
R . 25
s = Cp — glip; 23)
6 = atan2 (—€a,€3); (26)
Oy — 01 2 + &2
@ = sign ( (k) 7 (k 1)> = ABZ . 27)
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