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Abstract: Condition Monitoring (CM) of wind turbines can greatly reduce the
maintenance costs for wind farms, especially for offshore wind farms. A new condition
monitoring method for a wind turbine gearbox using temperature trend analysis is
proposed. Autoassociative Kernel Regression (AAKR) is used to construct the normal
behavior model of the gearbox temperature. With a proper construction of the memory
matrix, the AAKR model can cover the normal working space for the gearbox. When the
gearbox has an incipient failure, the residuals between AAKR model estimates and the
measurement temperature will become significant. A moving window statistical method is
used to detect the changes of the residual mean value and standard deviation in a timely
manner. When one of these parameters exceeds predefined thresholds, an incipient failure
is flagged. In order to simulate the gearbox fault, manual temperature drift is added to the
initial Supervisory Control and Data Acquisitions (SCADA) data. Analysis of simulated
gearbox failures shows that the new condition monitoring method is effective.

Keywords: wind turbine condition monitoring; gearbox; Autoassociative Kernel Regression;
residual analysis; moving window statistics
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1. Introduction

Challenging environmental factors combined with high and turbulent winds place serious demands
on wind turbines and result in significant component failure rates, highlighting the importance of
maintenance. Appropriate use of condition monitoring can, by detecting faults at an early stage, reduce
turbine repair and maintenance costs.

The gearbox is one of the most important components of a wind turbine. In [1] the authors show
that the maintenance cost for the gearbox is very high compared with the other higher failure rate
components such as electric system and hydraulic system, especially for the offshore wind farms
where maintenance will need a boat, crane and nice weather. The gearbox undergoes varying speed
and load. With the varying wind speed, the rotating speed and load of different stages of gearbox
change from time to time, bringing great challenges to the condition monitoring of gearbox. Cost
performance is another factor that should be taken in to account in gearbox condition monitoring.
Compared with the steam turbine in a thermal power plant, the building cost for each wind turbine is
relatively low, and the price for the condition monitoring system must be acceptable. Comprehensive
introductions and analyses of condition monitoring methods for different components of wind turbine
have been published [2—4]. Temperatures are important and easily measured indicators of the health of
many wind turbine component such as the gearbox and are often recorded automatically by the
SCADA system. An unexpected increase in component temperature may indicate an overload, poor
lubrication or possibly ineffective passive or active cooling [5]. Previous work used a Back
Propagation (BP) neural network to construct the normal behavior temperature models of gearbox
based on SCADA data [6]. When the residual between the model prediction and the measured value
becomes very large, a potential fault is identified. In [7], the authors proposed a method using a
Multiple Layer Perception (MLP) to build a temperature model of the gearbox. When the measured
temperature value increases and is outside the confidence range of the value, a fault is registered.
However, the Artificial Neural Network (ANN) including BP and MLP has demerits of requiring a
time consuming training process and there can be local minima problems that may limit the
improvement of model accuracy. Several authors [8—11] have built a test rig for gearbox and generator.
Wavelets are used to analyze the high-speed sampling vibration signals. However, a test rig is quite
different from a real wind turbine. There are only limited numbers of acceleration sensors to measure
the drive train and gearbox vibration to provide a magnitude alarm and the sample frequency (10 s or
10 min) is too slow to meet the high frequency demands of vibration analysis. This paper uses
temperature trend analysis to monitor a gearbox’s operating conditions. The Autoassociative Kernel
Regression (AAKR) method is used to model the normal behavior of gearbox temperature and give
temperature estimates. When the gearbox has an incipient failure, the temperature residual between the
AAKR model estimate and real measurement will become significant. With moving window residual
statistics, these incipient failures can be detected in a timely way.

The paper is arranged as follows: Section 2 provides an introduction to turbine gearbox and
SCADA data. Section 3 explains how the AAKR gearbox temperature model is constructed. The
fourth section focuses on the moving window residual statistical analysis method. In Section 5, the
AAKR model is validated and two simulated gearbox failure cases are studied. The final section
provides discussion and conclusions, including suggestions for further research.
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2. Structure of a Wind Turbine Gearbox and the SCADA Parameters

The wind turbines studied in this paper are located at Zhangjiakou in Northern China. SCADA data
covering the period 04/01/2006 to 24/12/2006 was available for these units. The turbines,
manufactured by GE, are variable speed, with a rated power of 1.5 MW. The cut-in and cut out wind
speed are respectively 3 m/s and 12 m/s. The rated rotating speeds for rotor and DFIG are 20 rpm and
1800 rpm, respectively. The ratio for the gearbox is 1:90. This wind turbine uses a three-stage gearbox.
The first stage is a planetary gear, and the second and third stages are conventional parallel gears,
as shown in Figure 1. There is a circulating lubricating oil system to lubricate and cool
the gearbox.

Figure 1. Structure of a gearbox for a wind turbine.

The SCADA system at the wind farm records all wind turbine parameters every 10 min. Each
record includes a time stamp, output power, stator current and voltage, wind speed, ambient and
nacelle temperature, gearbox temperature amongst many others; in total 47 parameters are recorded. At
the same time, the SCADA system keeps a record of wind turbine operation and fault information,
such as start up, shutdown, generator over temperature, pitch system fault, efc. Each fault record
includes a time stamp, state code, and fault information. For example: at 2:28, 02/04/2006, the state
code is 77 indicating that a gearbox oil over temperature alarm occurred and wind turbine shut down.
In the wind turbine operation handbook, if the gearbox oil temperature is above 80 Celsius and this
condition lasts for 60 s, the wind turbine will be shut down. When the oil temperature cools below
65 Celsius, the wind turbine will start up again.

3. Gearbox Temperature AAKR Model and Estimate
3.1. Autoassociative Kernel Regression Model Construction

In this paper, the Autoassociative Kernel Regression (AAKR) method is used to model the normal
behavior of gearbox temperature. AAKR is based upon the multivariate inferential kernel regression
derived by Wand and Jones in [12]. It is now mainly used in nuclear power plant sensor calibration [13].

AAKR is a non-parametric, empirical modeling technique that uses historical, fault free observations
to estimate the output of a process or device. Let there be n variables of interest in a process or device.
At time i, a single observation of the variables can be written as an observation vector:

X =[X,0 X,0) - X,0] (1)
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Construction of a memory matrix D is the first step of AAKR modeling. In a period of normal
operation of the process or device, m historical observation vectors are collected covering the range of
different operating conditions (such as high or low load, start up, before shut down, ezc.) to construct
the memory matrix, denoted as:

Xl(l) Xl(z) X](m)
X1 X.2) --- X

D=[X(1) X(2) - X(m)]= 25() 25() 25(m) o
X (1) X.(2) - X (m)

Each observation vector in the memory matrix represents a measured operating state of the process
or device. With proper selection of the m historical observation vectors from an extended period of
normal (un-faulted) operation of the process or device, the subset space spanned by the memory matrix
D can be taken to represent the whole normal working space of the process or device. The construction
of memory matrix is actually the procedure of learning and memorizing the normal behavior of the
process or device analogous but different from the training of ANN.

During subsequent operation, the input to AAKR at each time step is a new observation vector Xops,
and the output from AAKR is an estimate X for this input vector for the same moment in time. First,
the distance between the observation vectors X,,s and each vector X(i) in the memory matrix is
computed. There are several distance functions that may be used [14], but the most commonly used
function is the Euclidean distance, as follows:

di(X(i)aXobs) = \/()(l(i)_‘xlobs)2 +(X2(i)_X20bs)2 +“'+(Xn(i)_Xnobs)2 (3)

For the new observation vector, this calculation is repeated for each vector in the memory matrix, and
resulting in a m x 1 vector of distances:

d=ld dy - d,]' )

Next, these distances are transformed to similarity measures used to determine weights by evaluating
the Gaussian kernel, expressed by:

1 2,2
W=|lw w, - me=K(d)=—e_d M
[ 1 2 ] h 27zh2 (5)

where / is the kernel bandwidth, W are the weights for the m vectors in the memory matrix. Finally,
these weights are combined with the memory matrix D to make estimate according to:

(WiXi )
Xgg=—"7""" (6)

m
2

i=1

M

If the scalar a is defined as the sum of the weights, i.e.,

GIZWI- (7)

i-1

Then Equation (6) can be represented in a more compact matrix notation:
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DW
Xest - a (8)

When the process or device works normally, the input observation vectors of the AAKR are most
likely to be located in the normal working space that is represented by the memory matrix D, in that it
is similar to some historically measured vectors in the memory matrix. As a result, the estimate of
AAKR will have a very high accuracy. When problems arise with the process or device, its dynamic
characteristics will change, and the new observation vector will deviate from the normal working
space. In this case the linear combination of the historical vectors in the memory matrix will not
provide an accurate estimate of the input and the residual will increase in magnitude.

3.2. The Variable Selection for Gearbox Temperature AAKR Model

In order to construct the AAKR model of gearbox temperature, the variables included in the
observation vector should be carefully chosen. Because we are concerned with the gearbox
temperature, variables that have close relationship with gearbox temperature should be taken into
account. Following a review of the 47 variables recorded by the SCADA system, the following five
variables were selected to construct the observation vector.

(1) Power (P); power has a great influence on the gearbox temperature. When the power is high, the
gearbox will endure a high load which leads to high gearbox temperatures.

(2) Wind speed (V); Wind is the energy source for wind turbines. For the variable speed wind
turbine, in order to reach maximum power point tracking, the drive train rotating speed is proportional
to the wind speed. The higher the wind speed, the higher the rotation speed of the gearbox which also
leads to high gearbox temperatures.

(3) Ambient temperature (7); Because the local temperature that the wind turbine experiences
changes greatly in the short term (from day to night for example) and in the longer term (weeks to
months) due to passing weather systems and seasons it must be taken into account explicitly. At
Zhangjiakou during March and April, ambient temperature changes can be as large as 30 Celsius
because of fast moving weather fronts.

(4) Gearbox Temperature itself (7).

(5) Gearbox Temperature of last time (7G;). Because the gearbox is a closed structure and the
gearbox temperature has big inertia, the gearbox temperature of the last sampling time has an
important influence on the current moment gearbox temperature.

The time span for the gearbox temperature model should take the local climate into account. The
wind turbine studied in the paper is located at the Zhangjiakou area, north of Beijing, and the ambient
temperature and wind speed distribution are quite different from season to season, as shown in
Figure 2 and Figure 3. Such meteorological parameters have a great influence on the operation of the
gearbox. For example, in winter, the temperature can be as low as minus 20 Celsius and frequently
results in gearbox lubrication problems. If the normal behavior AAKR model covers a long period
such as from January to July, it accuracy will be quite low for two reasons. One reason is that in
different seasons the gearbox operating conditions are quite different as the result of these
meteorological parameters. The other reason is that if the time span for model is too long. The range of
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each above variable will be very large that also leads to low model accuracy. In order to get

satisfactory model accuracy, the time span for AAKR should be one month or one season.

Figure 2. Ambient temperature in different seasons.
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Figure 3. Wind speed distribution in different seasons.
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In this paper, the time span for the gearbox temperature AAKR model is one month. After the
construction of the AAKR model, model estimates and residual analysis to monitor the gearbox

operating condition can be carried out as shown in Figure 4.

Figure 4. Gearbox condition monitoring using the AAKR model.
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3.3. Construction of Memory Matrix D

Because the five variables in the observation vector have different units and their absolute values
are quite different, the initial values of the five variables are rescaled to the range [0 1] according to
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their maximum and minimum values. After rescaling, each variable has same weight in the calculation
of Euclidean distance. Especially for wind speed, because the wind turbine’s cut-in and cut-out wind
speeds are 3 m/s and 12 m/s, respectively, wind speeds below 3 m/s and above 12 m/s should be set as
3 m/s and 12 m/s before scaling.

In previous work [15], two algorithms are used to extract observation vectors from the normal
working period to construct the memory matrix. In the first algorithm, vectors are selected that
correspond to the extreme normal working states. For each variable in the observation vector, the
algorithm finds the minimum and maximum measurements from the normal working period. The
observation vectors containing these measurements are added to the memory matrix. In the second
algorithm, the remaining observation vectors from the normal working period are ordered by their
Euclidean norms. For #» dimensional vector X, the Euclidean norm is:

IX]| =y + x5+ +x; 9)

The algorithm then selects evenly spaced elements from the ordered set and adds their
corresponding observation vectors to the memory matrix. This construction method is simple, but it
has some problems. Observation vectors can exist with Euclidean norm values that are similar or even
exactly the same, but the vectors may be quite completely different, such as for the following two vectors:

X, =l 0 0 0 0 and X,=[0 0 1 0 of

Selecting one of such similar Euclidean norm equivalent vectors will result in other equivalent norm
vectors being discarded. Then only the working space near the selected observation vector is covered
by the memory matrix, while parts of the parameter space near the discarded ones will be neglected. In
order to minimize this effect a new memory matrix construction method is proposed that builds on the
method used in [15] to give much improved NSET model accuracy. The new method is as follows.

Assume the historical observation vectors during the normal working period are X" (1), X" (2),---,
X" (M) and make the matrix:

X' X2 - XM
N N2y ... N

K=[XN(1) XN(2) XN(M)]: Xz:() Xz:() XzEM) (10)
X{ () X{2) - X{n4,

The number of vectors in matrix K is M. Each observation vector includes power, wind speed,
ambient temperature, gearbox temperature, gearbox temperature of last time, denoted x,x,, -+, X
respectively, and # in Equation (1) takes the value n = 5.

Every observation vector in the normal working space covers the five variables and is normalized as
described above. In order to ensure that memory matrix D covers the vectors with different variable
values in the normal working space, for each of the five variables, the range [0 1] is equally divided
into 100 sections and the observation vectors from matrix K selected at steps of 0.01. Observation
vectors at each step of 0.01 for each variable in turn are added into memory matrix D so long as the
variable in question is sufficiently close to the value in the observation vector. For example, for
variable x; (turbine power), the method of adding observation vectors to D is shown in Figure 5.
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Figure 5. Construction of memory matrix D for variable x;.
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In Figure 5, 0 is a small positive number, taken to be 0.001 in this work. With this method,
observation vectors with different variable values can be included in the memory matrix D. Memory
matrix construction thus has two steps: the first step uses the method in [15] to select observation
vectors from the normal working period. The second step uses the new method outlined in this paper to
add further observation vectors to D. Before adding a new vector to the memory matrix, the Euclidean
distances between the new potential vector and the vectors already in the memory matrix are checked.
If the distance is too small, that means the memory matrix already has a vector that is quite similar to
the one being considered and consequently it should not be added into the memory matrix. This check
will limit the size of memory matrix and ensure that it is well-conditioned.

After the memory matrix construction is complete, the AAKR model is ready to estimate the
gearbox temperature for the current moment measurement. For comparison, the reader is referred to
the performance of a three-layer neural network for SCADA data modeling shown in [16]. It is quite

complex and time consuming.
4. Gearbox Temperature AAKR Model Residual Statistical Analysis
4.1. Moving Window Calculation of Residual Mean Value and Standard Deviation Statistics

When the wind turbine gearbox suffers from some abnormality, the new observation vector will
deviate from the normal working space and the distribution and time development of the estimate
residual will change significantly from the normal condition. The mean value and standard deviation
will reflect a change in the distribution of the residuals. In order to detect the changes in the variables
in a timely manner, a moving average calculation is used. At a certain instant, the residual sequence of
gearbox temperature from the AAKR model is:
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SGT:[SI 6‘2 cee gN ...]’gl_:x4—)’(\j4 (11)
where x4 is the gearbox temperature measurement in the observation vectors, and X, is the AAKR

model estimate for x;.
A time window with width N is adopted to calculate the moving average or mean value and

standard deviation for the N successive residuals in the window:
- 1Y - — v
Xo=o D6, S, = —>(e,-X,) (12)

N-1

i=1

i=l1
The moving window is shown in Figure 6.

Figure 6. Residual moving average window used in residual analysis.
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4.2. Residual Statistical Distribution when Gearbox Has an Abnormality

When the gearbox works normally, the AAKR model provides very accurate estimates of gearbox
temperature. The residual sequence has a mean value near zero and the standard deviation is small.
When a problem occurs with the gearbox, the new observation vector may deviate from the normal
condition and the gearbox temperature residual distribution will thus also change. Abnormal gearbox

operation can be identified as follows:

(1) The residual mean value remains near zero, but the standard deviation increases dramatically. In
this condition, the distribution of the residuals becomes wider.

(2) The residual mean value deviates from zero by some obvious magnitude and the standard
deviation remains small. In this condition, the residual systematically departs from zero.

(3) A combination of the above two situations.

In order to detect early gearbox faults, failure thresholds are needed for both the residual mean
value and its standard deviation. Assume that the thresholds for them are set respectively as Ey and Sy

where these are determined according to operator experience or determined through model validation

as presented below.
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The residual sequence has been obtained using observation vectors from the validation set as input
to the already identified AAKR model with subsequent application of the moving average window to
the time sequence of residuals. By trial and error the optimal size of the moving window is determined.
The maximum absolute mean value and standard deviation for validating set residual sequence are, as
defined above, respectively Ev and Sy but note that these will be dependent on averaging window size.
Then the thresholds for gearbox failure detection are as follows:

Ey =tk -E,, Sy =k,-S, (13)

where k; and k; are positive coefficients and can be chosen based on operator experience. Relatively
larger k; and k, will increase the robustness of CM method and reduce the false alarms. In this paper,
kl =3 andk2=2.

5. Gearbox AAKR Model Validation and Failure Case Studies
5.1. Gearbox AAKR Model Validation

SCADA data of one wind turbine for April 2006 is used in this paper. The 10-min data trends of the
five related variables mentioned in Section 3.2 from 01/04/2006 to 06/04/2006 are shown in Figure 7.

Figure 7. Trends from 01/04/2006 to 06/04/2006.

P

Wimd's)

=y

T
i

Fim oo

[=n]
=

TG

4.1:0 4.2:0 4.3:0 4.4:0 4.5:0 4.6:0
Time

During this period, three shutdowns of this wind turbine occurred, as shown in Figure 7 and
Table 1.
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Table 1. Shutdown records from 01/04 to 06/04.

Date Time State code Reason
1 2006/04/02 2:28:43 77 Gearbox oil over temperature
2 2006/04/02 7:42:13 77 Gearbox oil over temperature
3 2006/04/03 11:14:35 147 Manual shutdown

But from the maintenance log, there was no record indicating that the gearbox had a failure or had
been repaired. It is quite usual for the wind turbine to shut down due to some parameter alarms. During
April 2006, the gearbox worked properly. The total 10-min SCADA data point number for April is
4320, and among them, the useful data number (data with power above zero) is 3731. Normal working
data from 07/04/2006 to 30/04/2006 is used to construct the gearbox temperature normal behavior
AAKR model. Data from 01/04/2006 to 06/04/2006 shown in Figure 7 is used as the validating set to
validate the AAKR model.

In April 2006, the maximum and minimum gearbox temperatures were 74.1 Celsius and
50.2 Celsius, respectively. The maximum and minimum ambient temperatures were 20 Celsius and
13 Celsius, respectively. The validation result is shown in Figure 8. Values for different variables are
scaled values. When the turbine power in an observation vector is zero, the AAKR model will not

work, resulting in zeros for estimate and residual.

Figure 8. Validation results for the AAKR model.
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In Figure 8, at some isolated positions, the residuals are much larger than other positions. These
large residuals are in pairs, and the number of the large residual pairs is three. The positions and
reasons for them are as given in Table 2.

Table 2. Large residuals’ positions and reasons.

Pair  Position Time Residual Reasons
160 04/02 2:30 0.103 2006/04/02 2:28:43 shutdown due to
1 gearbox oil over temperature
182 04/02 6:10 —0.124 2006/04/02 5:58:56 system OK startup
192 04/02 750 0.1205 2006/04/02 7:42:13 shutdown due to
2 gearbox oil over temperature
205 04/02 10:00 —0.1189  2006/04/02 9:56:56 system OK startup
3 357 04/03 11:20 0.1134 2006/04/03 11:14:35 manual stop
366 04/03 12:50 —0.1187  2006/04/03 12:43:03 system OK startup

At the above positions in Table 2 where the wind turbine would shut down or just start up, the
relationship between the five variables in the observation vectors is quite different from the normal
working condition (for example, at position 160, the wind speed is high, while the power near zero due
to shutdown), and the observation vectors at these positions deviate from the normal working space
represented by the memory matrix D, the combination of the historical observations in the memory
matrix cannot provide an accurate estimate for the gearbox temperature at these positions and the
residuals become quite large. These large residuals caused by the shutdown or startup of the wind
turbine in some extent prove that the AAKR model is working and they should not be recognized as an
indication of incipient gearbox failure.

After removing the above six large residuals, the AAKR model has a very high estimate accuracy,
and most absolute residual values are below 0.05. The validation results shows that AAKR has
satisfied the modeling accuracy for gearbox temperature dynamic characteristics.

The moving window calculation outlined in Section 4.1 is applied to the residual sequence of the
validation set in Figure 8. The window width N should be properly selected so that the influence of the
occasional isolated large residual caused by the imperfect coverage ability of memory matrix D can be
minimized. At the same time, a moving window with a properly selected N must be able to detect the
changes of mean value and standard deviation in a quick and effective manner. In this paper, the
window width N = 50 reflects a useful balance between these two conflicting requirements.
Figure 9 shows the trends of the mean value and standard deviation for the validating set after moving
average filtering. It should be noticed that the six large residuals caused by turbine shutdown and
startup in Table 2 have been removed during moving window averaging.

From the trends, we estimate:

E, =39x107, S, =5.9x10 (14)

and the thresholds for the mean value and standard deviation are chosen respectively as:

E, =£1.17x107, §, =1.18x10™ (15)
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5.2. Gearbox Failure Analysis

Figure 9. Statistical characteristics for the validation sequence.
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Actual failure of major components like gearboxes is relatively rare and sometimes it is also very

difficult to access these components’ failure data and maintenance records as the operator or

manufacturer usually keep them as commercial secrets. From [5-7], we know that abnormal

temperature changes or rises are an effective indication of incipient gearbox failure. In [17], authors

gives a proof that the gearbox temperature rise will be proportional to the power output if the gearbox

works normally, that is, the gearbox transmission efficiency has not changes.

Figure 10. AAKR model estimate and residual in Case 1.
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When an incipient fault occurs in the gearbox, it efficiency decreases, and the gearbox temperature
will have extra increase. Unfortunately, in the SCADA data we have, there is no gearbox failure record.
Based on [5-7,17], it is representive to simulate a real incipient gearbox failure by adding extra
temperature drift on the initial SCADA data. And these manual drift data is used to test the
effectiveness of this AAKR CM method in the flowing two cases.

Case 1:

A fixed temperature rise of 0.001 per time step is added at position 501 to the initial gearbox
temperature from 01/04/2006 to 06/04/2006 in the validation set. The AAKR model estimate and the
residual sequence are shown in Figure 10. The trends for mean value and standard deviation for the
above residual sequence are shown in Figure 11.

Figure 11. Statistical characteristics for Case 1.
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In the trend for mean value, at position 471, the mean value exceeds the failure threshold. Because
the moving window width is N = 50, the new CM method detects the simulated gearbox failure at time
point of 471 + 50 = 521, and only 521 — 501 = 20 points after the manual temperature drift began
being added at time point 501. Before the simulated gearbox failure is detected, the absolute
temperature drift can be calculated by 20 x 0.001 x (74.1 — 50.2) = 0.478 Celsius where 74.1 and 50.2
are the gearbox maximum and minimum temperatures in April 2006, respectively. From this studied
case, we can see that the AAKR condition monitoring method can detect in a timely fashion the
abnormal changes in the gearbox temperature and give incipient failure alarms.
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Case 2:

In studied case 2, white noise with variance 0.01 is added from position 501 to the initial validation
set with SCADA data from 01/04/2006 to 06/04/2006. The AAKR model estimate and residual are
shown in Figure 12.

Figure 12. AAKR model estimate and residual in Case 2.
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The trends of mean value and standard deviation for case 2 are shown in Figure 13.

Figure 13. Statistical characteristics for Case 2.
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In Figure 13, the standard deviation exceeds the failure threshold at position 462, and only
462 + 50 — 501 = 11 points after the white noise is added. In this case, the AAKR CM method also
detects the simulated abnormality on time.

6. Discussion and Conclusions

This paper uses Autoassociative Kernel Regression (AAKR) to construct a gearbox temperature
model. Details of how to construct the required memory matrix are provided. The method has the
advantage of being computationally remarkably simple and should thus have immediate appeal for
wind industry practitioners. When the gearbox experiences a fault, new observation vectors will
generally deviate from the normal working space and the AAKR estimate of the residual distribution
and its time development will change. A moving average window filter has been adopted to reveal the
trends in mean value and standard deviation of the residual sequence; this is also very easy to
implement computationally. Gearbox condition can be determined from crossing of predetermined
thresholds. With the effective selection of the memory matrix from data from normal operation, the
presented method can identify simulated wind turbine gearbox failures in a timely way. With
suitable selection of the parameters available to the user (window size, vector parameter selection,
thresholds etc.), the method should prove useful for wind turbine condition monitoring more widely.
There is still a small flaw in this paper because the validation was carried out with the man-made
gearbox failure data. In future research, real failure data will be collected and this CM method further
validated.

Acknowledgments

This paper was supported by the Fundamental Research Funds for the Chinese Central University
under Grant 099MG18 and National Natural Science Foundation of China under Grant 61074094.

References

1. Crabtree, C.J.; Feng, Y.; Tavner, P.J. Detecting Incipient Wind turbine Gearbox Failure: A Signal
Analysis Method for On-Line Condition Monitoring. In Proceedings of the European Wind
Energy Conference, Warsaw, Poland, 20-23 April 2010.

2. Hameed, Z.; Hong, Y.S.; Cho, Y.M.; Song, C.K. Condition monitoring and fault detection of
wind turbines and related algorithms: A review. Renew. Sustain. Energy Rev. 2009, 1, 1-39.

3. Amirat, Y.; Benbouzid, M.E.H.; Al-Ahmar, E.; Bensaker, B.; Turri, S. A brief status on condition
monitoring and fault diagnosis in wind energy conversion systems. Renew. Sustain. Energy Rev.
2009, 9, 2629-2636.

4. Lu, B.; Li, Y.; Wu, X. A Review of Recent Advance in Wind Turbine Condition Monitoring and
Fault Diagnosis. In Proceedings of 2009 IEEE Power Electronics and Machines in Wind
Application, Lincoln, NE, USA, 24-26 June 2009; pp. 1-7.

5. Tavner, P.; Ran, L.; Penman, J.; Sedding, S. Condition Monitoring of Rotating Electrical
Machines, 2nd revised ed.; Institute of Engineering and Technology: London, UK, 2008; pp. 133—134.



Energies 2011, 4 2093

10.

1.

12.

13.

14.

15.

16.

17.

Zaher, A.S.A.E.; McArther, S.D.J.; Infield, D.G. Online wind turbine fault detection through
automated SCADA data analysis. Wind Energy 2009, 6, 574-593.

Garcia, M.C.; Sanz-Bobi, M.A.; del Pico, J. SIMAP: Intelligent system for predictive
maintenance: Application to health condition monitoring of a wind turbine gearbox. Comput. Ind.
2006, 6, 552-568.

Yang, W.; Tavner, P.J.; Crabtree, C.J.; Wilkinson, M. Cost- effective condition monitoring for
wind turbines. IEEFE Trans. Ind. Electron. 2010, 1, 263-271.

Watson, S.J.; Xiang, J.P.; Yang, W.; Tavner, P.J.; Crabtree, C.J. Condition monitoring of the
power output of wind turbine generators using wavelets. /[EEE Trans. Energy Convers. 2010, 3,
715-721.

Yang, W.; Tavner, P.J.; Wilkinson, M.R. Condition monitoring and fault diagnosis of a wind
turbine synchronous generator drive train. Renew. Power Gener. 2009, 1, 1-11.

Wilkinson, M.R.; Spinato, F.; Tavner, P.J. Condition Monitoring of Generators & Other
Subassemblies in Wind Turbine Drive Trains. In Proceedings of IEEE International Symposium
on Diagnostics for Electric Machines, Power Electrics and Drives, Cracow, Poland, 6-8 September
2007; pp. 388-392.

Wand, M.P.; Jones, M.C. Kernel Smoothing; Chapman & Hall: London, 1995; Monographs on
Statistics and Applied Probability, Volume 60.

Hines, W.J.; Garvey, D. Process and equipment monitoring methodologies applied to sensor
calibration monitoring. Qual. Reliab. Eng. Int. 2007, 23, 123—135.

Black, C.L.; Uhrig, R.E.; Hines, J.W. System Modeling and Instrument Calibration Verification
with a Nonlinear State Estimate Technique. In Proceedings of Maintenance and Reliable
Conference, Knoxville, TN, USA, 12—-14 May 1998.

Bockhorst, F.K.; Gross, K.C.; Herzog, J.P.; Wegerich, S.W. MSET Modeling of Crystal River-3
Venturi Flow Meters. In Proceedings of 6th International Conference on Nuclear Engineering,
San Diego, CA, USA, 10-15 May 1998.

Guo, P.; Infield, D.; Yang, X. Wind turbine generator condition monitoring using temperature
trend analysis. IEEE Trans. Sustain. Energy 2011, in press.

Feng, Y.; Qiu, Y.; Crabtree, C.J.; Long, H.; Tavner, P.J. Use of SCADA and CMS Signals for
Failure Detection and Diagnosis of a Wind Turbine Gearbox. In Proceedings of Europe Premier
Wind Energy Conference, Brussels, Belgium, 14—17 March 2011.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


