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Abstract: Health monitoring and early fault detection of wind turbines have attracted considerable
attention due to the benefits of improving reliability and reducing the operation and maintenance
costs of the turbine. However, dynamic and constantly changing operating conditions of wind
turbines still pose great challenges to effective and reliable fault detection. Most existing health
monitoring approaches mainly focus on one single operating condition, so these methods cannot
assess the health status of turbines accurately, leading to unsatisfactory detection performance.
To this end, this paper proposes a novel general health monitoring framework for wind turbines
based on supervisory control and data acquisition (SCADA) data. A key feature of the proposed
framework is that it first partitions the turbine operation into multiple sub-operation conditions by
the clustering approach and then builds a normal turbine behavior model for each sub-operation
condition. For normal behavior modeling, an optimized deep belief network is proposed. This
optimized modeling method can capture the sophisticated nonlinear correlations among different
monitoring variables, which is helpful to enhance the prediction performance. A case study of main
bearing fault detection using real SCADA data is used to validate the proposed approach, which
demonstrates its effectiveness and advantages.

Keywords: wind turbines; health monitoring; fault detection; optimized deep belief networks;
supervisory control and data acquisition system; multioperation condition

1. Introduction

With increasing global energy demand, wind energy as a promising clean source of renewable
energy has become an indispensable force in solving world energy problems. The latest annual
report released by the Global Wind Energy Council (GWEC) [1] shows that the cumulative and new
installed capacity in the world had reached 539,123 MW and 52,492 MW, respectively, by the end of
2017. However, wind turbines are generally situated in remote locations and have harsh operating
environments, resulting in frequent failures and undesired shutdowns. High maintenance costs and
downtime losses seriously affect the economic benefits of wind farms and also have a powerful impact
on the healthy development of the wind power industry [2]. There is an urgent need for effective
prognostics and health management (PHM) technologies to address these problems. In particular,
fault detection is a premise for PHM. Therefore, it is crucial and valuable to develop advanced health
monitoring and fault detection methods to detect impending wind turbine faults as early as possible
in order to avoid secondary damage and even catastrophic accidents.

Vibration analysis and oil monitoring have become two commonly used techniques for wind
turbine condition monitoring [3—-6]. However, both techniques are sophisticated and expensive in
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their practical application, since additional investments, including installing extra sensors and data
acquisition devices, are required. Alternatively, supervisory control and data acquisition (SCADA)
systems, which have been widely installed in large-scale wind turbines, can collect and record the
operational state information from wind turbines and their critical components on a regular basis [7].
Compared with the vibration and oil monitoring methods, SCADA-based monitoring has been
considered to be cost-effective due to the availability of a large amount of monitoring data and
no additional cost. As a result, SCADA-based wind turbine health monitoring has attracted wide
attention in recent years [8], and different SCADA data analysis methods have been proposed.

Zaher et al. [9] developed normal behavior models for gearboxes and generators based on artificial
neural networks by analyzing SCADA data. The case study results demonstrated that it was possible to
detect faults as early as 6 months and 16 months before final replacement of the gearbox and generator,
respectively. Guo et al. [10] employed a nonlinear state estimation method to construct a normal
behavior model of generator temperature using 2 min and 10 min averaged SCADA data. A real case
study showed that the method was able to predict generator faults about 8.5 h before the actual failure.
Kusiak et al. [11] introduced a neural network to model the normal behavior of generator bearings
by using 10 s SCADA data. The research showed that the method could identify anomalies about
1.5 h ahead of the eventual failure. Schlechtingen et al. [12,13] proposed an adaptive neuro-fuzzy
inference system combining artificial neural network and fuzzy logic analysis and constructed 45
normal behavior models using 10 min averaged SCADA data. Case studies illustrated that the
system could detect the potential failures of wind turbines months in advance and provide the root
causes of these failures based on simple if-then rules. Bangalore et al. [14,15] applied artificial neural
networks to establish normal behavior models of gearboxes. Case studies with 10 min averaged
SCADA data showed that the proposed methods were able to detect gearbox anomalies ahead of
the condition monitoring system. Bi et al. [16] presented a pitch fault detection procedure using a
normal behavior model based on the performance curve and carried out six case studies. The results
illustrated that the proposed method could detect pitch faults earlier than the artificial intelligence
approaches investigated. Different methods have been used to model the normal behavior of wind
turbines. Further, residuals between the predicted values of the models and actual measured values
of the expected output variable were used to identify the anomalies of wind turbines. Practically,
wind turbine operating conditions are complicated and changeable and present multiple operation
regions due to varying external wind speed and a complex internal control scheme, which poses great
challenges for effective and reliable fault detection. However, most existing monitoring approaches
only focus on a single whole operating condition, so they cannot fully consider the dynamic operating
characteristics of wind turbines, leading to unsatisfactory detection performance, such as high rates of
false alarms or missed detections. On the other hand, conventional health monitoring methods, such
as neural networks, naturally have classical shallow structures, which poses a difficulty in effectively
capturing sophisticated nonlinear relationships among monitoring variables.

To address the above issues, a novel general health monitoring approach for wind turbines under
varying operating conditions is proposed in this paper. This approach is data-driven and based on
monitoring data collected from wind turbine SCADA systems. First, to consider the dynamic behavior
and multiple operating characteristics of wind turbines, an operation condition partition scheme
using a clustering algorithm is proposed to partition the whole operation into multiple sub-operation
conditions. This is a divide-and-conquer strategy and can enable the building of local monitoring
models in different sub-operation conditions, which can improve the reliability and accuracy of fault
detection compared to a global monitoring model. Second, to overcome the shortcoming of traditional
shallow structure-based methods, a deep learning—based modeling approach is proposed to deal with
relevant SCADA data to capture the sophisticated nonlinear correlations among monitoring variables.
In recent years, motivated by the powerful ability of feature learning and nonlinear modeling of deep
learning methods, convolutional neural network [17], autoencoder [18], denoising autoencoder [19],
and multilayered extreme learning machines [20] have been used in many classification and regression
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tasks. Specifically, deep belief networks (DBNs) [21], a typical class of deep learning methods, are
used in this study, which are naturally probabilistic generative models with multilayered architecture.
Compared with shallow neural network methods, DBNs can capture complex nonlinear features,
have a powerful modeling capacity and are quite suitable for modeling complex SCADA data [22].
DBNs have received attention in the fields of wind speed prediction [23], mechanical engineering
fault diagnosis [24] and complex system fault detection [25]. The performance of DBNs is largely
dependent on their structural parameters. However, there is no uniform rule for parameter selection.
Various optimization algorithms have shown the ability to deal with complex problems, such as
particle swarm [26] and genetic algorithm [27]. In particular, chicken swarm optimization (CSO), a
novel bionic heuristic optimization algorithm, is introduced for optimizing model parameters of DBNs.
In summary, the main contributions of this paper are as follows:

(1) A general multioperation condition partition scheme is proposed to partition normal state data
into several different clusters. Then, normal behaviors are built under different condition clusters.
This divide-and-conquer strategy can help reduce false alarms caused by methods that only
consider a single operating condition.

(2) An optimized DBN (ODBN) model with CSO is designed to capture the normal behavior in
each cluster, which reduces the complexity of parameter selection of DBNs. To the best of our
knowledge, it is the first time DBN is applied to deal with complex SCADA data from wind
turbines for the purpose of fault detection.

(3) Areal case from wind turbine main bearing fault was used to evaluate the performance of the
proposed health monitoring approach using the SCADA data of multiple wind turbines from a
real wind farm, and comparative studies were conducted.

The remainder of this paper is organized as follows. Section 2 describes the multioperation
condition problem and the operation parameters studied in this paper. In Section 3, the proposed
health monitoring framework is presented, the steps are explained, and the presented methodologies
are described in detail. Section 4 presents the case study and discussion, and results are compared and
analyzed. Conclusions are summarized in Section 5.

2. Problem Description

As critical equipment for wind power generation, a wind turbine is typically a complex
electromechanical system composed of a variety of components and subsystems, including gearbox,
generator, shaft, bearing, and power electronics, among many others [28]. In practical applications,
wind turbines are generally located in remote areas and perennially operate under adverse weather
conditions, such as storms, dust, and extreme temperature differentials. In addition, they are also
affected by mechanical, electrical, and control strategies. These kinds of situations lead to operating
conditions characterized by complexity and variability. As discussed in the first section, one of the
primary disadvantages of existing data-driven condition monitoring approaches for wind turbines is
that they only take into account a single operating condition, ignoring the characteristics that exist in
the process of operating wind turbines. Due to their highly dynamic operating conditions, variations
in the abnormal states of turbines are always easily masked by the condition fluctuations, making it
difficult to accurately assess the health status and thereby causing frequent false alarms. In this case, it
is highly desirable to develop reliable health monitoring approaches to deal with the dynamic and
varying operating conditions of wind turbines.

Wind turbine SCADA data contain hundreds of monitoring parameters related to the health of
the wind turbine and its critical components. Typically, these parameters include wind conditions
(e.g., wind speed, wind direction), power output, blade pitch angle, generator torque and speed,
temperatures (e.g., main bearing temperature, gearbox oil temperature, nacelle temperature, and
ambient temperature) among others [29]. Several parameters are closely related to the wind turbine
operating conditions, which can be referred to as operation parameters, describing the external
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and internal changes of the turbine operation due to constantly changing wind speed and complex
switched control schemes. Typically, these primarily include environmental parameters such as wind
speed, wind direction, and ambient temperature, and control parameters such as generator speed
and torque [30]. To facilitate the understanding of the operating characteristics of the wind turbine,
historical SCADA operation data were collected from a 1.5 MW turbine under normal operation from
July to August 2014, shown in Figure 1. Obviously, these operation parameters segment the wind
turbine operating conditions into different operation regions to varying degrees, which truly reflects
the multiple operating characteristics of the wind turbine. In this case, a global health monitoring
model cannot describe the turbine behavior accurately and even fails to produce reliable detection
results. Therefore, it is of great practical value to investigate efficient and reliable health monitoring
methods, considering varying operating conditions in order to improve the accuracy of fault prediction
and reduce operation and maintenance costs.
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Figure 1. Operating characteristic curves of a wind turbine in normal conditions.

3. Proposed Health Monitoring Framework

In this study, a novel health monitoring framework for wind turbines under varying operating
conditions is proposed, and its flowchart is shown in Figure 2. It is general and can be used for fault
detection of different wind turbine subsystems and components. The main idea of the proposed
framework is to build normal behavior models relying on only historical normal SCADA data from
wind turbines and then perform fault detection based on the evaluation results of residuals between
the predicted values and actual measured values. The changes of the residuals will give an indication
of possible faults. Usually, normal test samples will produce a low residual value since they can well
satisfy the learned normal model, whereas faulty test samples will produce high residual values and
therefore be identified as faults. Generally, the proposed framework mainly consists of four sequential
parts: operation condition partition, variable selection, model development and anomaly detection.
The detailed procedures are summarized as follows:

(1) Collect normal SCADA data from multiple wind turbines on a wind farm.

(2) Choose operation parameters that characterize the complex operating conditions of wind turbines
and segment the operation parameter data into K clusters using the k-means method and
silhouette index. The obtained K clusters represent the corresponding K operating conditions, i.e.,
[C1, Cy, -+, Ck]. Then, divide the normal state data into corresponding K parts based on the
partitioned operating conditions.
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(3) Select appropriate modeling variables for each operating condition by combining three variable
selection techniques, and the final selected variables for different operating clusters can be
represented as [V1, Vy, -+, Vgl

(4) Build a normal behavior model under each operating condition using ODBNs to explore the
sophisticated nonlinear characteristics among modeling variables, resulting in multiple DBN
models, denoted as [DBN;, DBNpy, ---, DBNg] for K operating clusters.

(5) Calculate the threshold for abnormal detection under different operating conditions using the
Mahalanobis distance (MD) measure to automatically identify the anomalies that occur in the
operation of the wind turbines, i.e., [MD;, MDy, - --, MDg].

(6) For the new incoming SCADA data, first recognize the operating condition C; that it belongs
to, then select the corresponding modeling input variable V; and predict the output using the
constructed DBN;. Next, compute the MD value and compare it with the threshold MD; under
condition C;, and then output the real-time online health monitoring results.

Clustering by k-means Variable selection Modeling with Threshold for anomaly
and silhouette optimized DBNs detection

G — [_’_ 1 |_
el [ I [ \| | \' 1
m— (T
S| | | |

New SCADA data/Condition recognition N Selected variable N Established DBN; ; Calculation of
C; \4 model MD

Figure 2. Flowchart of the proposed health monitoring framework. SCADA, supervisory control and
data acquisition; DBN, deep belief network; MD, Mahalanobis distance.

Condition monitoring
result

Comparison ¢
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3.1. Data Preprocessing

It should be noted that data preprocessing is a necessary step in wind turbine condition monitoring
prior to modeling using SCADA data [7]. During the long-time continuous operation of a wind turbine,
a large number of outliers and invalid values may be generated and included in the SCADA data
because of sensor failures, communication errors, or other issues. These outliers and invalid values
will directly impact the performance of the model to be trained, and they should be removed first. To
reduce the effects of noise and randomness contained in SCADA data, all data are smoothed prior to
selecting modeling variables. Additionally, considering that different operation parameters often have
different value ranges, it is a common step to normalize the initial operation data before partitioning
the conditions to ensure that each operation variable lies within the specified range between 0 and 1.
Specifically, in this study, this step can be simply realized by using the following equation [31]:

Xij — min(x ])

Y= . , @

7 max(x;) — min(x;)

where x;; is the ith value of variable j, and min(x;) and max(x;) are the minimum and maximum
values of variable j, respectively.

3.2. Operation Condition Partition Using K-Means Clustering

The reasonable selection of wind turbine operation parameters is a prerequisite to realize the
partition of operating conditions. As mentioned in Section 2, for a wind turbine, the operation
parameters mainly include the following five variables: wind speed, wind direction, ambient
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temperature, generator speed, and generator torque, which are closely related to the operating
conditions. Generally, the operating conditions can be partitioned into several typical operation
regions depending on the above operation parameters. As an unsupervised learning method, k-means
clustering [32] has become one of the most prevalent and widely used partitioning clustering algorithms
due to its advantages of usability, efficiency, simplicity and successful experience [33]. Hence, in this
study, this method is adopted for the condition partition. Certainly, other clustering methods can also
be considered. The aim of k-means is to allocate all data samples into K clusters by minimizing the
sum of the squared error over all K clusters, denoted as follows [33]:

2

K
J=argmin), ), [x— il @)

i=1 X]EOi

where O = {Oj, Oy, ..., Ok} is the set of K clusters, ; is the cluster centroid of the ith cluster,
{x1, X2, ..., xn} is the cluster samples, and N is the number of samples.

In the k-means algorithm, the number of clusters K is a key parameter. Silhouette [34] is one
of the indices for evaluating the clustering number by combining the two factors of cohesion and
resolution, which is employed to determine K in this paper. The silhouette value for the ith point, S(i),
is expressed as

. b(i)—a(i) .

S(z):m,lzl,z,...,N, (3)
where a(i) represents the average distance from the ith point to the other points in the same cluster
and b(i) denotes the minimum average distance from the point to points in a different cluster. The
range of S(i) is [-1, 1]. A higher value of S(i) indicates that the ith point is clustered more properly.
The average of all S(7) is then the final silhouette value for a given cluster number.

3.3. Variable Selection

To construct the normal behavior model, it is necessary to first determine the modeling variables
in each operating condition. Usually, there are multiple types of relationship among the variables
and various techniques can be applied to assess each type of relationship [35]. Three typical
variable selection techniques are proposed in [36-38], the Pearson, Spearman, and Kendall correlation
coefficients, which are statistics for measuring the linearity, monotonicity, and dependence among
variables, respectively. This paper combines the three technologies to select the input variables most
relevant to the output variables. It is worth noting that the computation results of these three methods
are all in the range of -1 to 1, and a higher absolute value indicates a stronger correlation between the
input and output.

3.4. Proposed ODBN Method

The use of wind turbine SCADA systems becomes the primary option for most wind farms,
and as a result, large amounts of monitoring data can be acquired and archived regularly. The
measured SCADA data have notable features of complex nonlinearity and strong coupling due to
the interdependence and interaction between the different subsystems of the wind turbines during
operation. Consequently, in this section, ODBNs are proposed to capture the latent nonlinear
correlations in the SCADA monitoring data, and the details are described as follows.

3.4.1. DBN Architecture

The structure of DBNs comprises probabilistic generative models composed of multiple stacked
restricted Boltzmann machines (RBMs). As displayed in Figure 3, each RBM is a kind of two-layer
stochastic neural network consisting of one visible layer and one hidden layer. There are connection
weights between the visible layer and the hidden layer, while the units in each layer are restricted to
each other.
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Hidden layer (h)

Weight (w)

Visible layer (v)
Figure 3. Topological structure of a restricted Boltzmann machine (RBM).

Assuming that the RBM is a Bernoulli-Bernoulli model (BB-RBM), for a given set of states (v, h),
the energy function is defined as

V H 4 H
E(V, h; 9) = —Z Z wijvihj — Z bivi — Z (Zjh]', (4)
i=1j=1 i=1 j=1

where 6 = {w, a, b} denotes the model parameters; v; and /; are the visible unit i and the hidden unit
J, respectively; wj; is the connection weight between i and j; b; and 4; are the biases of v; and hj; and V
and H are the number of visible and hidden units, respectively. Given the energy function, the joint
probability over the visible and hidden units can be described as follows:

p(v, by 6) = 2 exp(~E(v, by 6), ©)

where Z =YY exp(—E(v, h; 6)) is the partition function.
v h

Since the visible-visible and hidden-hidden units are not connected, the probabilities of the
visible unit v; and the hidden unit /; are independent. Therefore, the conditional distributions can be
expressed as

|4

p(h]' = 1|V,‘ 9) = 5(2 w;jv; —|—El]'), 6)
i=1
H

p(vi:1|h; 9) 25(2601‘]"1]""171')/ ?)
j=1

where §(x) = 1/(1 + exp(x)) represents the logistic sigmoid function. The model parameters 6 of the
RBM can be obtained by a contrastive divergence method [39]. The update rule for the weight w is
written as follows:

Awij = e((viltj)aata — (0ilj)k), 8

where ¢ refers to the learning rate, (-) ;,;, denotes the expectation of the training data, and (), represents
the expectation of the sample distribution after k-step Gibbs sampling. A more detailed description of
the training process of the RBM can be seen in [40].

The general architecture of a DBN model with n hidden layers is shown in Figure 4. The bottom
layer of the DBN accepts input data and then passes the data to hidden layers to complete the learning
process. To handle real-valued data, a Gaussian—-Bernoulli RBM (GB-RBM) should be adopted in the
first RBM model, and BB-RBM is applied in the rest of the RBM models. The learning process of the
DBN consists of two phases, pretraining and fine-tuning. Pretraining is the process of initializing the
connection weights and biases of the network in a greedy layer-wise unsupervised manner. In this
phase, each RBM is trained from bottom to top individually. In the fine-tuning phase, the parameters
of the DBN model are updated with the back-propagation algorithm in a supervised fashion. Thus,
DBNs realize the organic combination of unsupervised and supervised learning, which can effectively
improve the modeling capacity. In this study, a four-layer DBN, including the bottom input layer, the
top output layer, and two hidden layers, are used for SCADA data modeling.
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Figure 4. Structure of DBN with n hidden layers.
3.4.2. ODBN Method

It is worth noting that although DBNs can enhance the performance of prediction to some extent,
the performance is highly influenced by their structural parameters. Therefore, how to determine and
achieve optimal model parameters has become a primary challenge for DBNs. The main parameters
of concern in this paper are the number of neurons in the two hidden layers of the DBN. In general,
these parameters can be obtained experimentally, but it is time-consuming and laborious. CSO is a
novel bionic heuristic optimization algorithm that mimics the hierarchy in the chicken swarm and the
food search behavior [41]. The optimization algorithm obtains the optimal parameters by dividing
the chicken swarm into several subgroups and competing among different subgroups. Therefore,
this algorithm is used for the adaptive optimization of the model parameters. The position of each
individual in the chicken swarm represents a potential solution to the optimization problem. There are
three types of chickens in the CSO: roosters, hens, and chicks. To search for the optimal solution in
the search space, it is necessary to update the position of each type of chicken. The position update
equation for the roosters is depicted as follows:

t’-]s-l f] - (14 Randn(0, (72))/ ©)
1, if f < fk
) 1
T { exp(it), otherwise Ny

where ¢ is the number of iterations; Randn(0, 02) is a Gaussian distribution with mean 0 and standard
deviation 02; i, k € [1, rsize| and i # k, rsize represent the number of roosters; f; and f; are the fitness
values of rooster particles i and k, respectively; and ¢ is a constant that is small enough. The position
update equation for hens is as follows:

xfjl = xf,]- + S1-Rand - (xil,]- - xf,]») + 52 -Rand - (xiz,j - xf,]-), (11)
(fi = frn)

51 =ex , 12

PO ) (12)

S2 =exp(fra — fi), (13)

where Rand is a uniform number over [0,1]; r1 is an index of the rooster, which is the ith hen’s group
mate; and r, is a randomly chosen index of a chicken (rooster or hen) from the swarm, and ry # ;.
The position update equation for chicks is as follows:

x;‘jl =X+ FL- (x},; —xi;), (14)
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where FL refers to a parameter that means the chick would follow its mother to forage for food, and
the range is [0, 2]; and xin, ;i the position of the ith chick’s mother. In this paper, the position of each
individual represents the number of neurons in the two hidden layers of the DBN. Figure 5 gives the
flowchart of ODBN with CSO, and the detailed procedure is explained as follows:

(1) Initialize the parameters, including number of chickens, dimensions of individual positions,
maximum iteration number, updated frequency of chicken swarm, and proportions of roosters,
hens, and mother hens.

(2) Randomly produce an initial population of chickens. Train the DBN and compute the fitness
values, and determine the optimal individual and global fitness values and corresponding
positions. Here, the root mean square error (RMSE) of the validation set is considered as the
fitness function.

(3) In the next iteration, first determine the relationship between the roosters, hens, and chicks
in a group, and then update their positions according to Equations (9)—(14) and calculate
their fitness values. Next, update the optimal individual and global fitness values and their
corresponding positions.

Repeat step 3 until the maximum iteration number is reached and output the optimal parameters
of the DBN. Note that the original CSO is a method for optimizing continuous values. Since the number
of neurons in hidden layers of the DBN is an integer, the CSO that optimizes the continuous values
is not applicable. Hence, when initializing the population of chickens and updating the positions of
roosters, hens, and chicks, discretize them to meet the requirements.

| Initialize parameters |

v

| Initialize a population |

Train DBN and calculate
fitness function

——

Determine relationship
between chickens in a group

Update positions and
fitness values

Update individual and global
optimal fitness values

s iteration number
satisfied?

|Get optimal DBN parameters |

Figure 5. Flowchart of optimized DBN with chicken swarm optimization (CSO).
3.5. Anomaly Detection Approach

The purpose of establishing ODBN normal behavior models is to continuously monitor the
working status of the components being modeled and identify impending faults in a timely manner,
which is important to avoid major faults of components and ensure the secure and stable operation
of wind turbines. In this paper, an advanced health monitoring approach called MD is utilized for
operational state monitoring and abnormal behavior identification. MD has been successfully adopted
in the detection of abnormalities of wind turbines [14,15].
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MD is a unitless distance measurement that can capture the correlation of variables in a process
or system and is defined as follows:

MD; = /(X — 0 (X )T =12, 15)

where X; = [Xj1, Xip, ..., Xin] is the ith observation vector, n is the number of observations, m is the
total number of parameters, y = [y1, o, ..., Hm) is the vector of mean values, C is the covariance
matrix, and MD; is the MD value for the ith vector X;.

For health monitoring, the MD values for the validation set are used to calculate the threshold
for anomaly detection. During the validation stage, wind turbines are in normal operation and no
abnormal behavior occurs. The MD for the validation set can be expressed as follows:

_ T
MDrefi = \/(Xrefi - ,uref)crg}f(xrefi - .uref) ’ (16)

where X,.;; = [VE;, TV|] represents the ith vector; TV; denotes the ith target value during the
validation stage and VE; is the corresponding validation error; yi.r and C,.¢ are the mean value vector
and the covariance matrix of X, , respectively. MD,.; refers to the MD value for the ith vector X, ;.
After obtaining the healthy MD values in the validation stage, the anomaly detection threshold
can be determined by fitting a two-parameter Weibull probability distribution function on these MD
values [42]. The two-parameter Weibull distribution is described as
1 (1
f(6) = pr Pyt 7)
where  denotes the shape parameter and # stands for the scale parameter.
The MD during the condition monitoring stage is depicted as follows:

MD i = \/(Xnewi - .”ref)cy_e}r(xnewi - ,uref)Tr (18)

where X,,.,i = [PE;, MV;], MV is the ith actual measured value from the SCADA system during the
condition monitoring stage, and PE; is the model prediction error.

In this study, in order to reduce the false alarm rate, the MD value from the condition monitoring
stage is identified as an anomaly if f(MD,,.;) is less than 0.1%. At this point, an alarm signal is
triggered to alert the operators about the operational states of the turbine so they can take appropriate
action to avoid major faults.

4. Case Study and Discussion

In this section, a real case for main bearings is investigated to demonstrate the feasibility of
the proposed approach in practical applications of wind turbine health monitoring, and the results
obtained in each part are presented in detail.

4.1. Data Description

The SCADA data used in this paper are from a wind farm located in Inner Mongolia, China. All
wind turbines in the wind farm are variable speed constant frequency with a rated power of 1.5 MW.
The sampling interval of the SCADA data is 30 s. Each record includes a total of 25 discrete pieces
of information, such as turbine state, time stamp, yaw state, etc. At the same time, 49 continuous
parameters are also recorded, listed in Table 1. The SCADA data for the majority of the turbines were
available during the period from 1 July to 23 September 2014. In this paper, the SCADA data from 13
available turbines during the period 1 July to 31 August 2014 are investigated. Detailed descriptions of
the datasets are listed in Table 2.
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Table 1. Continuous parameters in SCADA data.

Continuous Parameter

Gearbox oil temperature Wind direction Current phase C Absolute wind direction
Gearbox front bearing temperature Generator speed  Converter side speed Blade 1 motor current
Gearbox inlet oil temperature Gearbox speed 1~ Converter side torque Blade 2 motor current
Generator front bearing temperature ~ Wind speed 1 Wind speed 1 s average Blade 3 motor current
Generator rear bearing temperature Wind speed 2 Wind speed 1 min average Blade 1 motor temperature
Generator stator winding temperature  Active power Wind speed 10 min average Blade 2 motor temperature
Converter ambient temperature Reactive power Ambient temperature Blade 3 motor temperature
Gearbox rear bearing temperature Wind speed Main bearing temperature Hub temperature

Wind direction 1 s average Voltage phase A Nacelle temperature Cable winding angle
Wind direction 1 min average Voltage phase B Active power 1 s average Generator torque

Wind direction 10 min average Voltage phase C Active power 1 min average

Gearbox oil pump pressure Current phase A Active power 10 min average

Gearbox inlet oil pressure Current phase B Hydraulic system pressure

Table 2. Description of SCADA datasets.

Dataset Time Stamps Turbines Considered
Modeling 1/7/2014-31/8/2014 6,17,24,33-34,37, 49, 53, 88
. . 30/7/2014-2/8/2014 20
Testing normal behavior 14/8,/2014-17/8,/2014 46
. . 10/9/2014-14/9/2014 42
Testing abnormal behavior 2/7/2014-4/7/2014 13

To obtain a reliable health monitoring model of the main bearing, it is necessary to include as
much data as possible to cover all normal operation regions of the turbine. Therefore, Turbines 6, 17,
24, 33-34, 37, 49, 53, 88 were randomly selected for modeling. During the period from 1 July to 31
August 2014, there were no main bearing faults in these 9 turbines, which are suitable for establishing
the normal behavior model of the main bearing. The number of samples of normal SCADA data from
the nine turbines in normal operation during this period is 353,131.

Similarly, Turbines 20 and 46 did not experience main bearing faults, so are used to test the
performance of the normal behavior of wind turbines. Whereas Turbines 42 and 13 experienced main
bearing over temperature faults, so are employed to detect the abnormal behavior of the main bearing.

4.2. Model Development

In this section, the proposed health monitoring model for wind turbine main bearings is developed
in detail based on the above methods. To investigate the prediction performance of the proposed
modeling method in different operating conditions, the traditional algorithms are used for comparison.
Several methods are also compared without considering the operating characteristics of wind turbines.

4.2.1. Operation Condition Partition

For the SCADA data from nine turbines in normal operation from 1 July to 31 August 2014,
described in Section 4.1, the operation parameters representing the wind turbine operating conditions
should first be extracted. Normally, the normalization of operation data is a basic step before
partitioning the operating condition depending on the operation parameters to ensure the reliability of
the clustering results. In this paper, in order to be more consistent with the operating characteristics
of wind turbines, the number of clusters is set from two to eight, and the calculation results of the
silhouette values are shown in Figure 6. From Figure 6, it can be seen that when the number of
clusters is two, the silhouette value reaches the maximum value of 0.75. This result indicates that it is
optimal to segment the wind turbine operating conditions into two sub-conditions, condition 1 (C;)
and condition 2 (Cy).
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Figure 6. Calculation results of silhouette values.

To explicitly show the optimal clustering results obtained, principal component analysis is used
to reduce high-dimensional operation data to a low-dimensional space for data visualization. Figure 7
shows the three-dimensional visualization of the operation parameters based on the first three principal
components. It can be clearly observed that two separate operation condition spaces are presented,
which proves the multiple condition characteristics of wind turbines. Table 3 summarizes the clustering
distribution of operation parameters to further quantitatively understand the clustering results.

+ Cluster 1
* Cluster 2
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Third component
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Figure 7. Optimal clustering results by k-means and silhouette index.

Table 3. Summary of clustering distribution.

Distribution Cq Cy
Wind speed (m/s) 0.3-29.28 0.3-25.33
Wind direction (°) 186.73-359 0.38-186.73
Ambient temperature (°C) 4.97-37.33 4.96-37.58
Generator speed (rpm) 0.17-1852.8 0.17-1859.2
Generator torque (N - m) —970-8600 —970-8600

As can be seen in Table 3, as far as the wind direction is concerned, the ranges under the two
conditions are obviously different. In the case of Cy, the range is 186.73 to 359, whereas in Cy, the range
is 0.38 to 186.73. In terms of wind speed, ambient temperature, generator speed, and generator torque,
there is little difference in the ranges under the two conditions. One can see from the comparison
results that the wind turbine operating conditions are clearly partitioned according to this operation
parameter, i.e., wind direction, and thus this parameter can be used for subsequent real-time condition
recognition purposes. However, it is well known that wind direction ranges from 0° to 360°, so here, if
the wind direction is between 359°-360° and 0°-0.38°, they will be automatically categorized as C;
and C, separately. It should be noted that there is no theoretical (i.e., no mechanical or electrical basis)
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reasoning for the choice of wind direction as the partitioning parameter here and that this based purely
on the analysis of the clustering data.

In the following study, the original normal SCADA data from nine turbines are divided into two
portions based on the above condition partition results, and the sample numbers under C; and C; are
154,089 and 199,042, respectively.

4.2.2. Parameter Selection for Each Condition Cluster

Before dealing with forecasting problems, the integration of Pearson, Spearman, and Kendall
is used for variable selection. In this study, the main bearing temperature, closely related to the
health of the main bearing, is taken as the target modeling variable for the output of each model.
Meanwhile, state variables that are highly correlated with the main bearing temperature should be
carefully considered. The correlation coefficients between the main bearing temperature listed in
Table 1 and 48 other variables are calculated. There is no doubt that data preprocessing is required
before calculating the correlation coefficients, including smoothing and normalization. Figure 8 shows
the 10 most relevant variables for each method under the two conditions. For these three methods, it
is essential to set a threshold according to the computation results, as shown in Figure 8, and in this
paper, variables whose absolute value of the correlation coefficient is greater than 0.5 are selected as
the final modeling input.

& 0.7
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o 0.5+ ek B E'RIE B B Bt o sttt =
Q
o
S 03 -- - -
kS
[
=
o 0 1 I |
o Pearson Spearman Kendall mmm Hub temperature
(a) mmm Generator front bearing temperature
I Gearbox rear bearing temperature
z 07 =3 Nacelle temperature
.g . = Ambient temperature
& mmm Gearbox inlet oil temperature
2 0.5+ it B B BIBIE BIEIR Nt B o — | Gearbox oil temperature
o mmm Converter ambient temperature
S 0.3} _ - —| | == Generator rear bearing temperature
= = Gearbox front bearing temperature
kol == Blade 1 motor temperature
£ 0 Blade 3 motor temperature
8 0 L L L

Pearson Spearman Kendall
Variable selection method

(b)

Figure 8. Correlation coefficients with different variable selection methods for (a) C; and (b) C,.

As shown in Figure 8a, in Cj, nine state variables are regarded as V; to construct the prediction
model: hub temperature, generator front bearing temperature, gearbox rear bearing temperature,
nacelle temperature, ambient temperature, gearbox inlet oil temperature, gearbox oil temperature,
converter ambient temperature, and generator rear bearing temperature. As can be seen in Figure 8b,
in addition to the nine input variables under C;, blade 1 and 3 motor temperatures also meet the
set threshold requirements, so 11 variables are considered to be V; to develop the regression model
under C,. Moreover, it is not difficult to see in Figure 8 that although the Kendall technique produces
relatively small values under these two conditions, a similar ordering is generated compared to the
first two approaches.

4.2.3. Performance Evaluation and Comparison

In this subsection, ODBNs are employed to develop a normal behavior model of each operating
condition. In this study, four-layer DBNs are used for model development. To obtain higher prediction
accuracy, the CSO algorithm is used to optimize the number of neurons in two hidden layers adaptively.



Energies 2019, 12, 984 14 of 22

Practically, a series of training parameters needs to be designed before establishing each normal
behavior model. The detailed parameter settings are listed in Table 4. In each condition, the dataset is
respectively divided into a training set, a validation set, and a testing set at a ratio of 80%, 10%, and
10%, respectively. The training set is utilized to train the DBN model, the validation set is applied to
evaluate the performance of the model and optimize the fitness function, and the testing set is used for
the final performance evaluation. Figure 9 shows the CSO optimization results under C; and C,. The
architecture of DBNj and DBNj is determined as 9-39-82-1 and 11-56-21-1, respectively.

Table 4. Description of parameter settings for modeling.

Description Parameter Setting

DBN pretraining phase  size of batch training 100, training iterations 10, learning rate 1, momentum 0
DBN fine-tuning phase  size of batch training 10, training iterations 20
max iterations 20, dimension 2, population size 20, range of each dimension
CSO for optimization [1, 100], updated frequency of chicken swarm 10, proportions of roosters,
hens, and mother hens 0.15, 0.7, 0.5

1.21 1.13

1.1251
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Figure 9. CSO optimization results under C; and C;: (a) CSO-DBN; and (b) CSO-DBNj.

In this study, to evaluate the prediction performance of the built model, four commonly
used metrics, RMSE, mean absolute error (MAE), mean absolute percentage error (MAPE), and
determination coefficient (R?), are adopted, which are defined as follows [43]:

RMSE = /3 (i — )", 19)
i=1

1 .
MAE = =3 [yi = 9il (20)
i=1
L\-|yi—3i
MAPE = EZ S| % 100, (21)
i=1 t
n
Z (yz _91')2
RZ=1-— 1:”172 (22)
): (]/1 _y)

where y; represents the ith measured value, §; refers to the ith predicted value, and ¥ is the mean value
of the measurements.

Moreover, a back-propagation network with a single hidden layer (SHL-BP), a back-propagation
network with double hidden layers (DHL-BP), and a support vector machine (SVM) are used for
comparison. For SHL-BP and DHL-BP networks, the number of neurons in hidden layers is also



Energies 2019, 12, 984 15 of 22

optimized with CSO. For SVM, the radial basis kernel function is used to train the SVM model, and the
kernel parameters and penalty factors are obtained by the cross-validation method. The quantitative
evaluation results of the four models with three datasets under C; and C; are displayed in Table 5.

Table 5. Comparison of prediction results. SHL-BP, back-propagation network with single hidden
layer; DHL-BP, back-propagation network with double hidden layers; SVM, support vector machine;
RMSE, root mean square error; MAE, mean absolute error; MAPE, mean absolute percentage error.

Dataset Criteria G G
SHL-BP; DHL-BP; SVM; DBN; SHL-BP, DHL-BP, SVM, DBN,
RMSE 1.9274 1.8044 1.8846  1.1463 1.8365 1.8325 1.9066  1.0858
Training MAE 1.5034 1.4665 15361  0.8815 1.4444 1.4880 15696  0.8392
MAPE (%)  0.6370 1.4872 07092  0.4393 0.3451 0.3097 09101  1.0432
R2 0.7095 0.7454 07223  0.8973 0.7345 0.7356 0.7138  0.9072
RMSE 1.8908 1.8014 1.8898  1.1448 1.8333 1.8191 19108  1.0859
o MAE 1.4865 1.4627 15467  0.8822 1.4428 1.4731 15731  0.8329
Validation 7 pg (%) 0.6054 1.4638 0.7382  0.3806 0.2916 0.3384 0.9469  0.9889
R? 0.7219 0.7476 07222 0.8980 0.7348 0.7388 07119  0.9069
RMSE 1.9255 1.7982 1.8869  1.1607 1.8188 1.8198 1.9095  1.0790
Testing MAE 1.4941 1.4625 15390  0.8836 1.4319 1.4787 15694  0.8335
MAPE (%)  0.6141 1.5531 0.7079  0.4485 0.3051 0.3315 09274 09726
R2 0.7118 0.7486 07232 0.8953 0.7394 0.7391 07127  0.9083

It can be found from Table 5 that in the forecasting performance of C; for the training set, validation
set, and testing set, DBN is better than the SHL-BP;, DHL-BP;, and SVM; models, as it offers the
lowest RMSE, MAE, and MAPE and highest R? values. In terms of the prediction results in C;, DBN;
produces the lowest RMSE and MAE values and the highest R? values in the three datasets, whereas
MAPE is slightly higher than the other three models. As indicated from quantitative evaluation results,
the ODBNSs generally get a higher modeling accuracy than the three traditional methods. The main
reason is that the SHL-BP network is based on the principle of empirical minimization, which is
prone to fall into local minima during the training process and thus produces poor results. At the
same time, because it is difficult to train the depth structure effectively with the BP algorithm, the
prediction accuracy of the DHL-BP model is not much different from that of SHL-BP model. The
SVM algorithm also obtains poor prediction results because it is not suitable for large-scale training
samples, whereas ODBNs can deeply learn and uncover the sophisticated nonlinear relationships
among modeling variables by establishing a depth model, which results in better prediction accuracy.
Hence, the proposed ODBN approach is used for real-time health monitoring of main bearings under
varying operating conditions.

Additionally, to evaluate the monitoring performance of the proposed multioperation condition
framework, the same 353,131 samples are analyzed without considering the wind turbine operating
characteristics. Similarly, the three variable selection methods mentioned in Section 3.3 are employed
to select the modeling input variables. A total of 10 variables (gearbox oil temperature, gearbox inlet
oil temperature, generator front bearing temperature, generator rear bearing temperature, converter
ambient temperature, gearbox rear bearing temperature, ambient temperature, nacelle temperature,
blade 1 motor temperature, and hub temperature) are selected. After that, the samples are split into
the training set, validation set, and testing set, and four models are deployed to capture the normal
behavior of the main bearings. Note that the division of the dataset and the optimization of the model
parameters adopt the same way of considering the multi-condition operating characteristics. The
prediction performances of the four models are summarized in Table 6.

As shown in Table 6, in terms of the training set, validation set, and testing set, the MAPE
generated by the DBNSs is slightly higher than the SHL-BP but lower than the DHL-BP and SVM
models. Furthermore, the DBNs perform better with the lowest RMSE and MAE and highest R? values.
As the results indicate, the ODBNSs achieve the best prediction performance compared to the other
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three conventional models, illustrating the predominance of DBN method in modeling. Thus, it is
deemed to be the more appropriate model for monitoring the main bearing temperature.

Table 6. Comparison results of four models without clustering.

Model

Dataset Evaluation Criteria
SHL-BP DHL-BP SVM DBNs
RMSE 1.9784 1.8538 1.8929 0.9615
Training MAE 1.5959 1.4438 1.5574 0.7310
MAPE (%) 0.0717 0.3721 0.7373 0.2933
R2 0.6930 0.7305 0.7190 0.9275
RMSE 1.9737 1.8477 1.8879 0.9509
L MAE 1.5910 1.4397 1.5518 0.7242
Validation MAPE (%) 0.0907 0.3959 0.7543 0.2984
R? 0.6941 0.7319 0.7201 0.9290
RMSE 1.9680 1.8470 1.8857 0.9536
Testing MAE 1.5852 1.4366 1.5518 0.7251
MAPE (%) 0.0917 0.4039 0.7468 0.3066
R2 0.6955 0.7318 0.7205 0.9285

4.3. Health Monitoring Results

The examples given in this section are real wind turbine events from a wind farm recorded by
SCADA systems. The MD is constructed to monitor the operating states of each wind turbine. The best
performance algorithm for each condition is chosen to demonstrate the advantages of the proposed
framework, and the monitoring performances are also compared with the best model considering only
the single operating condition.

4.3.1. Testing Normal Wind Turbine Behavior

In this subsection, the proposed approach is used to analyze the normal behavior of wind turbines.
Turbines 20 and 46 were in normal operation during 30 July to 2 August 2014 and 14-17 August 2014,
respectively. The available historical SCADA data were collected and preprocessed for testing. The
ODBN model was conducted for comparison. The prediction results with the two models are presented
in Table 7. The computational cost is also recorded in Table 7, with the computation environment Intel
Core i7 CPU @1.73 GHz, and 8.00 GB memory.

Table 7. Comparison of prediction results between two models.

Evaluation Criteria

Turbine Model Time (s)
RMSE MAE MAPE (%) R?
K-means based ODBNs 0.8125 0.6621 0.3725 0.9067 126.541
20 ODBNs 0.8566 0.7021 0.7172 0.8963 4308
K-means based ODBNs 1.5225 1.3038 4.1577 0.6272 124.126
46 ODBNis 1.8409 15830 5.3136 0.4550 4622

From Table 7, one can see that the models considering the operating condition characteristic
produce lower RMSE, MAE, and MAPE and higher R? values for the two turbines than the model
without this characteristic, which illustrates the superiority of the operating condition partition. In
view of the better prediction performance of the proposed method, the loss of computational cost is
acceptable. The condition monitoring results are displayed in Figures 10 and 11.
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Figure 10. Condition monitoring results for Turbine 20: (a) K-means—based ODBNs and (b) ODBNSs.

Mahalanobis distance Mahalanobis distance
450 s Threshold B L Threshold m m
[ 4 »e
8 g as (
< ”
i 3 s
kS o ‘
(2}
2 3 25
] <] ‘
j= =4
& T 2
2 2 ’
g g st
1L
0.5+
0 L f L L L L L L L L L 0 L L L L L L L L L L L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

No. of samples No. of samples

(a) (b)
Figure 11. Condition monitoring results for Turbine 46: (a) K-means based ODBNs and (b) ODBNSs.

As can be seen from Figure 10a,b, all MD values of Turbine 20 fall within the detection thresholds,
indicating that both methods can precisely capture normal wind turbine behavior. All MD values in
Figure 11a are within the detection thresholds, whereas outliers are detected near points 7000 and
11,000 in Figure 11b. According to the monitoring results in Figure 11, the k-means based ODBN
approach successfully monitors the operating state of Turbine 46 without false alarms, whereas the
ODBN model produces false alarms. Hence, it can be concluded that the condition monitoring
capability of the ODBN considering the operating condition feature is generally superior to that of the
ODBN without that feature, and the fault thresholds under the two conditions, that is, MD; and MD,
are 4.122 and 4.127, respectively. Since the two values in this study are not much different, they are
approximated as straight in Figures 10a and 11a.

4.3.2. Detecting Abnormal Main Bearing Behavior

To further verify the effectiveness of the proposed approach in detecting the abnormal behavior of
wind turbine main bearings, Turbines 42 and 13 are utilized for investigation. According to the SCADA
records of Turbine 42, the main bearing over temperature fault occurred at 11:25 on 14 September 2014.
The 11,324 SCADA samples from 12:50 on 10 September to 11:25 on 14 September before the event
occurred are applied for anomaly detection. For Turbine 13, the 5855 SCADA samples from 00:00 on
2 July to 07:48 before the main bearing over temperature fault happened at 07:48 on 4 July are used for
analysis. The ODBN model is used for comparison. The forecasting results with the two models are
displayed in Figures 12 and 13.
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Figure 12. Forecasting results for Turbine 42: (a) K-means based ODBNs and (b) ODBNS.
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Figure 13. Forecasting results for Turbine 13: (a) K-means based ODBNs and (b) ODBNS.
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Figures 12 and 13 demonstrate the trends of actual and predicted main bearing temperatures of
Turbines 42 and 13 separately. It can be observed that the prediction errors between actual measured
values and predicted values of the two models distinctly increased before the main bearing over
temperature faults occurred, which indicates that the health conditions of the main bearings varied.
The condition monitoring results are shown in Figures 14 and 15.
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Figure 14. Condition monitoring results for Turbine 42: (a) K-means based ODBN and (b) ODBN.
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Figure 15. Condition monitoring results for Turbine 13: (a) K-means based ODBN and (b) ODBN.

Figure 14a displays the monitoring results of the proposed framework for Turbine 42, while
Figure 14b illustrates the monitoring results of the ODBN model in the same turbine. As shown in
Figure 14a, the MD value first crosses the fault threshold at sample point 1183, and an incipient main
bearing fault is detected. However, the actual fault occurred at 11:25 on 14 September 2014, which
is the 11,325th sample point. Each sample point is separated by an interval of 30 s, so the k-means
based ODBN approach can detect the main bearing fault approximately 84.5 h in advance. As can
be seen from Figure 14b, the MD value first exceeds the threshold at sample point 1448, and an early
alarm is signaled, thus predicting the over temperature event almost 82.3 h ahead of the actual fault.
From the computation results in Figure 14, both models can identify the upcoming main bearing fault
successfully. Nevertheless, the proposed k-means based ODBN model is able to detect the anomaly of
the main bearing nearly 2.2 h earlier than the ODBN approach. At the same time, it also means that
there is only a 2.2 h improvement in using the k-means based ODBN model over the ODBN model
(82.3 vs. 84.5 h), which represents only a 2.6% improvement. Still, this can also provide more time for
wind farm operators to take appropriate measures. If the abnormal main bearing can be repaired and
replaced in time, possible major accidents and unnecessary maintenance costs and downtime can be
avoided. The computational time of k-means based ODBN and ODBN methods during the condition
monitoring is 129.596 s and 4.748 s, respectively.

Figure 15a,b plot the monitoring results of the k-means-based ODBN and ODBN models,
respectively, for Turbine 13. From Figure 15a, one can see that based on the fault thresholds, the
alarm is first issued at sample point 1457, while the actual fault happened at 07:48 on 4 July 2014,
which is the 5856th sample point. Therefore, the proposed approach can detect the fault almost 36.6 h
in advance. As shown in Figure 15b, the MD value also first crosses the fault threshold at point 1457,
and an early alarm is triggered. According to the computation results in Figure 15, one can conclude
that the two models are able to simultaneously identify the anomaly of the main bearing nearly 36.6
h in advance, and the computational time of k-means-based ODBN and ODBN methods during the
condition monitoring is 2.567 s and 68.046 s, respectively.

Based on the application analysis of the above real case, the proposed framework has
certain advantages in the real-time health monitoring of wind turbines, which can mainly be
attributed to the integration of multioperation condition monitoring and deep feature characterization.
Meanwhile, the computational time is relatively high due to the complex procedures of the proposed
divide-and-conquer strategy, but within acceptable limits. It is worth noting that the study is limited by
the use of only three months of SCADA data and that the results are not valid for longer time periods.

5. Conclusions

A health monitoring method for wind turbine operational states has been proposed to consider the
dynamic operating conditions of wind turbines and address the difficulty in accurately building normal
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behavior models. In the proposed approach, on the one hand, considering the multiple operating
characteristics of wind turbines, a general multioperation condition partition scheme based on the
k-means clustering method was utilized to segment the whole operation into multiple sub-operation
conditions. One the other hand, ODBNs were applied to construct a healthy prediction model in each
condition cluster where model parameters are optimally selected by the CSO algorithm. Compared
with the conventional back-propagation and support vector machine models, the optimized modeling
method can achieve higher prediction accuracy due to its deep feature representation capability.

A case for wind turbine main bearings was used to verify the effectiveness of the proposed health
monitoring framework by real SCADA data. Compared with the ODBN model without considering
the operating characteristics, the proposed framework does not generate false alarms under the normal
conditions of wind turbines. In addition, both models are capable of detecting the anomalies of wind
turbine main bearings in advance. Specifically, the proposed method could detect the faults either
sooner, although only a 2.6% improvement, or at the same time. The results of normal and abnormal
behavior testing demonstrate that the proposed approach generally achieves more effective and reliable
detection accuracy.

This study also brings a loss of computational cost while having good detection performance.
Also, due to data constraints, the study is limited by the use of only three months of SCADA data and
the results are not valid for longer time periods. In future work, our developed framework will also be
used for long-term monitoring of the main bearing operational states when more available SCADA
data are collected. Other optimization methods will be used for the main bearing health monitoring.
In addition, the approach will be extended to the application of other components in wind turbines.
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