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Abstract: Manufacturing and energy sectors provide vast amounts of maintenance data and infor-
mation which can be used proactively for performance monitoring and prognostic analysis which
lead to improve maintenance planning and scheduling activities. This leads to reduced unplanned
shutdowns, maintenance costs and any fatal events that could affect the operations of the overall
system. Performance and condition monitoring are among the most used strategies for prognostic
and health management (PHM), in which different methods and techniques can be implemented to
analyse maintenance and online data. Offshore wind turbines (WTs) are complex systems increas-
ingly needing maintenance. This study proposes a performance monitoring system to monitor the
performance of the WT power generation process by exploiting artificial neural networks (ANN)
composed of different network designs and training algorithms, using simulated supervisory control
and data acquisition (SCADA) data. The performance monitoring is based on different operating
modes of the same type of wind turbine. The degradation models were developed based on the
generated active power resulting from different degradation levels of the gearbox, which is a critical
component of the WTs. The deviations of the wind power curves for all operating modes over time
are monitored in terms of the resulting power residuals and are modelled using ANN with a unique
network architecture. The monitoring process uses the recursive form of the cumulative summation
(CUSUM) change detection algorithm to detect the state change point in which the gearbox efficiency
is degraded by evaluating the power residuals predicted by the ANN model. To increase the monitor-
ing effectiveness, a second ANN model was developed to predict the gearbox efficiency to monitor
any failure that could happen once the efficiency degrades below a threshold. The results show a
high degree of accuracy in power and efficiency prediction in addition to monitoring the abnormal
state or deviations of the power generation process resulting from the degraded gearbox efficiency
and their corresponding time slots. The developed monitoring method can be a valuable tool to
provide maintenance experts with alarms and insights into the general state of the power generation
process, which can be used for further maintenance decision-making.

Keywords: maintenance; performance monitoring; prognostic analysis; ANN; wind turbines; gearbox
efficiency; CUSUM

1. Introduction

The costs of operating and maintaining wind turbines (WT) are constantly in need
of reduction as WT are one of the main electricity generation technologies which has the
fastest growth rate in the world [1]. Controlling the wind turbine operations by having
information about the changes in wind state and the turbine position could boost the
efficiency of the generated power from wind turbines [2]. The potential failures of wind
turbines depend on either the instantaneous instances or the age of the components and
the associated failure rates. These failures cause system outages which have significant
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financial consequences [3]. A wind turbine consists of several components: blades, rotor,
yaw motor, tower, generator, controller, Nacelle, and gearbox [4]. The power generation
capacity of wind turbines mostly depends on the gearbox that is constructed of a high-
speed shaft (HSS) and low-speed shaft (LSS), which, together with the generator, makes up
the drive train. Although the gearbox failure rates are typically low, they play a crucial role
in wind turbine operations. Therefore, malfunctions can result in significant downtime and
expensive maintenance costs [5].

Condition monitoring systems (CMS), including performance monitoring, sometimes
known as “health monitoring systems,” are widely used in the literature for diagnosing
faults and monitoring the health of wind turbines. CMSs include sensors, data acquisition,
data processing, cabling, and other installations that provide continuous and real-time
information on the monitored component condition [6,7].

In condition-based maintenance (CBM) and predictive maintenance (PdM), condition
monitoring systems play a crucial role in reducing the costs of occurred failures and
enhancing the functionality of any system because they are widely used as a tool for the
detection of anomalies and failures by providing early warnings [8].

Supervisory control and data acquisition systems (SCADA) are one of the widely used
data sources in CMS due to their cost-effectiveness and high reliability [2,9-11]. Many
research works have used SCADA data to construct CMS of different WT components,
e.g. [12-22]. The real-time condition of a WT component can be indicated through the
measured operational data acquired from the SCADA system, such as temperature, wind
speed, and the generated power, which can be analysed to derive relationships between
these operational data. Subsequently, the condition of the WT can be determined using
various techniques [11,23]. Garcia et al. [24] reported several condition monitoring (CM)
techniques that can be used to monitor the conditions of different WT components, such as
vibration analysis, acoustic emission, ultrasonic testing, oil analysis, strain measurements,
and process parameter and performance monitoring in which the relationships between
different parameters, such as wind speed and the generated power can be employed to
monitor the WT condition through an early detection of the associated faults or anomalies.
Statistical algorithms are one of the most exploited analysis methods in CM of WTs [24],
side by side with different types of machine learning (ML) techniques, such as Artificial
Neural Network (ANN), Standard Classification and Regression Tree (CART), Boosting
Tree Algorithm (BTA), Support Vector Machine (SVM), Random Forest (RF), Decision Tree
(DT) and much more [3,14,15,25-32].

According to Hameed et al. [33], a CMS has three main characteristics; (1) Early warn-
ings that can help avoid sudden shutdowns and improve the planning and scheduling
tasks. (2) Problem identification is useful to have general insights into the health of the WT
and provide the proper maintenance service at the right time. (3) Continuous monitoring
of the different components of the WT and the whole system provides constant informa-
tion indicating that the system is working correctly. These important characteristics help
minimise shutdowns and maintenance costs, prolong component lifetimes, and ensures
quality control of the different processes.

Different tools and methods can be used to monitor the process performance. Cui
et al. [34] used control charts to monitor the shift in lubricant pressure by detecting the
causing anomalies, while Long et al. [22] used them to monitor the performance of the
generated power by analysing different power curve profiles. Similarly, Wang et al. [35]
monitored the residuals of oil temperature to detect gearbox failures. Machine learning
(ML) was used by Hsu et al. [25] to monitor and diagnose different faults of a WT to develop
a PdM strategy to assist in planning the maintenance needs. Likewise, Wang et al. [36]
used ML to monitor and detect bearing faults using SCADA data; this method was able to
assess the general status of the WT with high accuracy. For the same purposes, Dao [19]
developed a model to monitor the WT performance based on real SCADA data by detecting
abnormal issues resulting from the changing temperature of the generator. For process
monitoring and fault detection, Borchersen and Kinnaert [37] developed a fault detection
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algorithm was used to evaluate and monitor the temperature residuals.

This study proposes a performance monitoring system for WTs using ANN and
CUSUM algorithm. ANN models provide accurate predictions for the generated power
and the gearbox efficiency required for the monitoring process. CUSUM is utilised to
develop a monitoring system to track the operational data of different modes once it
deviates as the gearbox efficiency degrades. The developed monitoring system is validated
and tested using simulated SCADA data of a specific WT with a nominal power of 1.25 MW

working in different operational modes.

2. The Proposed Performance Monitoring System Framework

The proposed algorithm for the performance monitoring (PM) process is depicted in

Figure 1.
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Figure 1. The proposed performance monitoring algorithm.
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The main steps of the proposed methodology are the following:

e  Operational SCADA data Acquisition: Simulated data are collected for different
operating modes of the same WT type.

e  Data pre-processing: The corresponding data of the transient time are removed from
the generated data sets.

e  ML-ANN modelling: Two ANN models have been developed using different types of
ANN training algorithms and structures to predict the gearbox efficiency of the WT in
addition to the generated electrical power in different operating modes.

e  After this, power residuals are calculated based on the developed ANN model, to be
used in the monitoring process.

e  Monitoring process: The modelled power residuals are analysed using CUSUM
change detection algorithm to monitor the WT performance in different operating
modes and detect any deviations or abnormal states if they exist. In addition, the
gearbox efficiency prediction assists in monitoring the gearbox itself and avoids se-
vere failure that might be caused due to the degradation of the efficiency below the
manufacturer threshold.

2.1. SCADA Data and Operating Modes

The supervisory control and data acquisition (SCADA) system is a crucial component
of wind turbine process performance and condition monitoring systems. SCADA systems
can provide a wide range of measurements, including temperatures, wind speed, wind
directions, rotor speed, pitch angle, and output power. These characteristics are frequently
used to check on the health of wind farm operations. Due to its high availability, SCADA
data has been used in numerous studies to estimate wind speed and power [28]. In addition
to CMS sensors, the SCADA system also uses many sensors to collect data. The SCADA
system monitors signals and alarms at typically ten-minute intervals [3,16].

The used datasets in this study are simulated (artificial) SCADA data using FAST-
NREL simulating tool as it is described in Shaheen et al. [17]. Three operating modes with
different gearbox efficiency degradation levels for the WT “DeWindD6—1250 kW” are
considered in this study, knowing that the gearbox efficiency can be degraded because of a
lack of lubricant, high temperature, and mechanical losses (torque losses) due to the friction
between HSS and LSS. Each operating mode consisted of different percentages of gearbox
efficiency. Moreover, the HSS and LSS torques are computed during the simulation based
on Equations (1) and (2), taking into consideration the gearbox efficiency.

L . effici
HSS torque = SS torque - e 1.C1ency o
gearbox ratio

H . effici
LSS torque = SS torque - e '1C1€ncy o
gearbox ratio

It is important to note that while other factors besides gearbox efficiency may af-
fect power loss or performance degradation, this research focuses solely on monitoring
a WT power generation performance by analysing the effects of the gearbox efficiency
degradation on the power generation performance.

Three data features are considered with different efficiency degradation levels for
three operating modes, as indicated in Table 1. Each operating mode includes one thousand
observations (measurements), of ten minutes average, observing average wind speed per
simulation, and its associated generated active power and one efficiency level percent-
age e.g., 97% or 90%. Figure 2 depicts the simulated ten-minute average wind speed
from 3-18 m/s. In Figure 2, a single data point represents the average wind speed of
ten minutes duration.
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Table 1. Selected input features of SCADA data.

No. Input Feature
1 Average wind speed
2 Gearbox Efficiency%
3 Generated active power

©

Wind Speed (m/s)

il f | “

| | I | | | | | |
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100 200 300 400 500 600 700 800 900 1000
point

o

Figure 2. Ten minutes average sample simulated wind speed 2-18 m/s.

Figure 3 depicts the main causes of the potential gearbox efficiency degradation
resulting in degraded generated power.

Gearbox efficiency

Lack of lubrication oil
High temperature \

Friction between HSS and LSS\
o A Degraded generated

power

Figure 3. Simplified cause-and-effect diagram of the main problem considered in this study.

During the data pre-processing, transient time data, outliers, missing values, and
measurements below the cut-in and above the cut-off wind speed (focusing on power
production areas only) of each feature measurement were removed. Figure 4 depicts the
gearbox efficiency degradation levels in addition to the box plot of the simulated power for
each operating mode.

The simulation tools, simulation of meteorological conditions, wind speed averaging
method, and simulation control characteristics of the developed operating modes are
available in detail in [17,38].

A sample scatter plot of wind speed, defined as mean wind speed and its corre-

sponding active power (power curve form) for two different operating modes, is shown in
Figure 5.



Processes 2023, 11, 269

6 of 21

1000

500 —

Active power (kw)

Operating mode

3

Gearbox efficiency %

1.00 —+

\\\\\
~~_097
AN
N
0.95 - AN
o AN
AN
AN
AN
AN
AN
N
AN
AN
N
AN
AN
0.90 - 10,90
I 1
1 2 3
Operating mode

Figure 4. Gearbox efficiency degradation levels and Box plot of the simulated generated power for
different operating modes.
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Figure 5. Power curve profiles of a generated measurements sample. Operating modes 2 and 3.

The power curve form is frequently used to show the power generated by the WT.
Table 2 summarises the main parameters and the ideal operating conditions of DeWindDé6
WT used in the simulation process of the nominal power curve and the other different

operating modes.
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Table 2. The operating parameters used in the simulation process.

Cut-in Cut-out
Speed Speed
(m/s) (m/s)

Rated
Speed
(m/s)

Turbulence Mean Wind Speed Hub Height Gearbox
Intensity of the Reference (m) 8 Efficiency
(%) Height (m/s) (%)

Rated Power Power Law Air Density
(kW) Exponent (kg/m®)

2.8 23

12.5

1250 0.3 1.225 0-20 2-18 84.672 90-100

Input layer

Wind speed

Gearbox efficiency

Complete technical characteristics of the DeWindD6 WT are available in [39].

The power curve of any wind turbine in real applications is dynamic because of the
constantly changing working conditions, such as the weather, temperature, wind speed,
air density, system controls, and humidity. As a result, the variation in wind speed and
direction affects different parameters, such as rotor speed (the desired speed in RPM), pitch
angle and the generated power [40]. The wind speed and the desired rotor speed of the
WT based on its power curve determine the best pitch angle of the blades; the optimum
wind direction gives the maximum generated power when it is perpendicular to the blades.
Overall, wind speed variations lead to a change in the generated power.

2.2. Artificial Neural Network Prediction Models

Opver the past twenty years, artificial neural networks (ANN) have increasingly become
one of the essential machine learning (ML) prediction techniques [41]. ANN algorithms
have demonstrated their ability to operate with high accuracy and minimal error, demon-
strating their suitability for prediction in a variety of applications [42-47].

The purpose of neural networks is to emulate the functions of real biological brain
networks. The neuron is the fundamental component of neural networks, and, depending
on the tasks it performs, it can alter in size and shape. The ANN is made up of node layers,
including an input layer, an output layer, and one or more hidden layers as seen in Figure 6.
The complete procedure of ANN training can be described using the inputs, weights,
summation function, and activation function [48,49]. Each node has a threshold and weight,
and they are all connected. When a node’s value crosses the threshold, it activates, and the
data is sent through it. The inputs are the data gathered from the primary sources offered.
The weights control how the inputs influence the neuron and are constantly adjusted to
improve the input-output relationship. The weighted summation function determines
what the net inputs are. The activation (transfer) function accepts the net input from the
summation function and uses it to calculate the neuron’s output. This is possible because
the activation functions are either linear or non-linear algebraic equations that enable the
network to store the various relationships between the inputs and outputs during training.
Lastly, the outputs take the results provided by the activation function and accept them to
be delivered for additional processing outside the network.

Hidden layers  Output layer Input layer Hidden layers Output layer

N1

e

Wind speed
Power

Gearbox efficiency
Power

&) )
A B

Figure 6. ANN architectures for power predictions. (A) 2 inputs, 1 output FCN; (B) 2 inputs, 1 output
MLP 2-2-1 (N is the neuron index).
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The multi-layer perceptron (MLP), the most popular ANN architecture, can be em-
ployed with a variety of training algorithms, including gradient descent (GD), Levenberg-
Marquardt (LM), and error backpropagation (EBP) with conventional forward-backward
computing [41,50,51].

On the other hand, to enhance the training process and allow the ANN to train
and model complicated structures like fully connected networks (FCN) and arbitrar-
ily connected networks (ACN), alternative network designs in combination with the
neuron-by-neuron training algorithm (NBN) were developed. This may be used to train
and model systems with complicated structures and handle an infinite number of input
patterns [49,52-55]. It can also be used to represent arbitrary connections in networks.

In this study, the Matlab software tool was mainly used for SCADA data simulation
and analysis in addition to various statistical analysis software for data pre-processing and
data visualisation. The software used for training was the “NBN Trainer 2.08” that was
built using the C++ programming language by Yu et al. [56].

Initial weights for the neural networks are random weights between —1 and 1. Hyper-
bolic tangent (tanh) is the activation function utilised for hidden layers (employed by the
neurons) and the output layer as well, taking into consideration the fact that, in this case,
neurons can produce positive or negative outputs. [55]. Neuron j output is described in
Equation (3).

Out; = tanh(gain X net;) + der x net; 3)

where net; is the sum of the weighted inputs to neuron j, and Out; is the output of neuron j.
The “gain” and “der” are parameters of the activation functions. The parameter “der”
is introduced to adjust the slope of the activation function where the slope is approaching
zero [56].
The degradation measurements, which should be the output of the training, are
normalised using the min-max normalisation process using Equation (4).

N min(x) )

max(x) — min(x)

where x’ is the normalised value, and x is the value to be normalised; min(x) and max(x)
are the maximum and minimum values of the range from which x’ has been normalised. It
is worth mentioning that data normalisation in ANN training helps models to converge
faster with higher learning rates.

When the slope of the activation function gets close to zero, the parameter “der” is
provided to adjust it [56]. “Gain” and “der” were set to 0.50 and 0.01, respectively.

In this research, two ANN models were developed to predict the generated power and
the gearbox efficiency of different operating modes of the WT separately. The more accurate
model of the two was selected based on the least error; then, it was used to calculate the
power residuals needed for the performance monitoring process.

2.2.1. Power Prediction ANN Models

Two ANN models were developed to predict the power, ANN-MLP, and ANN-NBN.
The datasets of operating modes 1 and 3 were used to train and test the developed models
with 80%—-20% training and testing splitting ratio. While the dataset of operating mode 2
was used to validate the developed models. Table 3 presents a summary of the developed
two ANN models.

The predicted power was modelled in terms of the wind speed and gearbox efficiency
using the ANN architectures depicted in Figure 6.
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Table 3. Summary of the ANN models developed for the prediction of the generated power and
gearbox efficiency.

ANN Model Model I Model 11
Variable’s normalisation Min-max normalisation
Architecture MLP 2-2-1 FCN/ACN
No. neurons H3 3
Hidden layers activation function Hyperbolic tangent (tanh)
Outputs activation function Hyperbolic tangent (tanh)
Training algorithm/computations method LM—forward-backward NBN—forward-backward
No. patterns/training (80%) 1600
No. patterns/test (20%) 400
Error function Root mean squared error (RMSE)

2.2.2. ANN Models for Gearbox Efficiency Prediction

The same architecture of the two models explained above was also used to predict the
gearbox efficiency utilising the datasets of operating modes 1 and 3 for testing and training,
while the dataset of operating model 2 was used for validation. Table 3 presents a summary
of these ANN models.

The predicted gearbox efficiencies were modelled in terms of wind speed and power
using the ANN architectures depicted in Figure 7.

Inputs Output Inputs Nt Output
Wind speed Wind speed
Gearbox efficiency
N3 >
Power Gearbox efficiency Power ) ()
Y . N
N2
(*1) ) (*1

Figure 7. ANN architectures for gearbox efficiency prediction. (A): 2 inputs, 1 output FCN; (B): 2 inputs,
1 output MLP 2-2-1 (N is the neuron index).

It's worth mentioning that the developed prediction models are solely based on the
simulated datasets of the three operating modes of the WT type “DeWindD6 1250 kW” and
can be generalised to other types of WTs in future works.

2.3. Model Evaluation

The developed models were evaluated in terms of their prediction accuracy using the
statistical performance measure root mean squared error (RMSE), as Equation (5).

” 2

o —

where 7 is the number of patterns, §; is the predicted value, and y; is the target (measured)
value.
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2.4. Power Residuals

The term “power residual” refers to the difference between the measured power and
the predicted power based on the selected ANN model among the developed ones, as
Equation (6).

Power residual (r(i)) = Power_measured — Power_ predicted (6)

3. Results and Discussion
3.1. Evaluation, Selection, and Validation of ANN Prediction Models

Table 4 shows the validation metrics based on the performance measure RMSE used
for checking the prediction accuracy of the developed ANN models.

Table 4. Validation metrics using RMSE to evaluate the developed prediction models.

Power Prediction Models Efficiency Prediction Model

ANN Model Model I Model II Model I Model II
Training RMSE—Normalised 0.0222 0.0191 0.0388 0.0359
Testing RMSE—Normalised 0.0219 0.0195 0.0396 0.0367
Validation RMSE—Normalised 0.0212 0.0198 0.0192 0.0230
Average RMSE -Normalised 0.0217 0.0194 0.0325 0.0318

It can be seen that all models have a relatively small RMSE; training, testing, and
validation RMSE values are close to each other. The least RMSE means better prediction
performance. Thus, the best RMSE value was achieved by model II (ANN-NBN) with
slightly lower RMSE values than models I. Model II of power predictions was selected
then to calculate the power residuals and monitor the performance of the WT power
generation process.

It is worth mentioning that the dataset of operating mode 2 was used for further
validation of model II for both the prediction of power and gearbox efficiency. It is known
that for the simulation of this dataset, the efficiency was set to 97%. During validation,
the efficiency of this dataset was predicted at 96.4%, which can be considered as a high
prediction accuracy.

3.2. Prediction Analytical Equations

To provide a practical way to predict the output power of WT with different gearbox
efficiency levels, in addition to predicting the gearbox efficiency itself, two analytical
equations, Equations (9) and (10), were extracted from the ANN models based on their
weights and biases.

Regarding the prediction models, there were 12 estimated weights for each: input
weights (IW) between the inputs and hidden layers and layer weights (LW) between the
hidden layers and the output. Two inputs and one output are included in each model. The
biases are b1 for the input layers and b2 for the output layer. The weights are taken from
the best-trained ANN models based on the lowest RMSE (Model II for both power and
gearbox efficiency prediction).

Referring to Equation (3), substituting the values of “der” and “gain” the activation
function f(x) can be written as:

f(x) = tanh(0.5x) 4 0.01x

0.5x —0.5x
e0dr o ()
fx) = 5z e

then,
Power prediction = by + LW-tanh(by + IW-x) 8)
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p(1+IW-05x) _ p—(1+IW-0.5x)

Power prediction ; = 3.371 + 1.307- ST TW05) 1 o (111055

+0.01(b1+IW -x) (9)

where x is the inputs matrix. Table 5 provides the estimated values of (b1), (b2), (IW), and
(LW) from the best-trained ANN model used for power prediction. Similarly, Table 6 pro-
vides the same estimates from the best-trained ANN model developed for gearbox efficiency.

p(1+IW-05x) _ ,—(1+IW-0.5%)
e(1+IW-05x) | p—(1+IW-05x)

Gearbox efficiency prediction ; = —562.47 — 493.266- +0.01(b1 + IW -x) (10)

Table 5. Weights and biases of the best-trained ANN power prediction model.

b1 b2 Iw LW
17.09214 - —18.95625 —6.37007 - -
—0.36432 0.99391 —0.33618 —2.33843 -
- 3.37135 1.53391 0.15928 —2.73824 1.30765

Table 6. Weights and biases of the best-trained ANN gearbox efficiency prediction model.

bl b2 W Lw
2.37085 - —6.87395 —9.08612 - -
—10.38677 - 0.12185 5.35551 —5.03385 -
- —562.47041 26.5025 705.80450 147.0163 —493.26603

3.3. Importance Analysis

The influence of each input variable of the developed best performance ANN models
for both power and gearbox efficiency prediction was analysed using the predictors” impor-
tance analysis to order the variable predictors according to their respective “importance”.

Table 7 and Figure 8 show that the most significant input feature is wind speed for
the power prediction model, with around 97%, while the gearbox efficiency has the lowest
effect, with only 3%. Similarly, both power and wind speed are influential input features
with respect to gearbox efficiency prediction, with 90% and 100%, respectively.

Table 7. Importance analysis for all operating modes in terms of wind speed.

Power Predictions ANN Model II Gearbox Efficiency Predictions ANN Model II
Feature Variable Rank % Importance Order Variable Rank % Importance Order
Wind speed 97 0.971 1 90 0.9013 2
Power - 100 1 1
Gearbox efficiency 3 0.029 2 -

In practice, the gearbox efficiency is also an influential input in terms of power predic-
tion; the decreased level of gearbox efficiency causes a decrement in the generated power
in a manner that the power curve is shifted downwards. In this study, the importance
of efficiency resulted in a small portion compared to the wind speed due to the limited
exploited efficiency degradation levels (three operating modes).
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WindSpeed
4%

WindSpeed
9%

Figure 8. Importance analysis results for different input features; left figure: for power prediction,
right figure: for gearbox efficiency prediction.

3.4. Power Residuals Calculation

The power residuals based on the ANN model II predictions were calculated using
Equation (6).

The statistical summary of the power residuals based on the predictions by the ANN
model II used in the monitoring process is presented in Table 8.

Table 8. Statistical summary of the calculated power residuals of each operating mode.

Operating Mode Mean Standard Deviation Variance Range Min Max
1 1.078 22.498 506.164 144.217 —59.175 85.043
2 —2.403 23.390 547.085 146.479 —70.241 76.239
3 —2.110 22.881 523.526 147.682 —77.040 70.642

A sample of the normalised measured and predicted power and their calculated
residuals are presented in Figure 9.

It can be noticed from Figure 9 and Table 4 that the prediction error (RMSE) is relatively
small for both power prediction models; the training and testing RMSEs are relatively close
to each other.

To sum up, the validation of the developed prediction models was based on two
measures: the performance metrics of the models (RMSE) and the prediction accuracy,
using the dataset of operating mode 3, which showed reasonable and accurate results as
discussed before.

Figure 10 shows the probability plot of power residuals for the three operating modes.
From Table 8 and Figure 9, it can be observed that the values of the power residuals for the
operating modes 1-3 resulting from the ANN model predictions have significant variations.
Thus, the mean of each operating mode has indicated that all residuals are shifted toward
the negative side due to the increased degradation in the gearbox efficiency.
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Figure 9. Sample of the normalised measured power and predicted power by ANN model II and

their residuals.

Figure 10 shows the power residuals probability density function (PDF) predicted by
ANN model II for all operating modes, from which we can observe that operational modes
2 and 3 have a small negative shift in their means due to the degradation in both gearbox
efficiency and the affected power generation.

Distribution Plot
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Figure 10. Power residual distributions for all operating modes using ANN model II.
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3.5. Performance Monitoring Using CUSUM Change Detection Algorithm

The cumulative summation (CUSUM) algorithm is usually utilised for state change
detection and performance monitoring. It is known for its robustness in detecting small
changes in the mean of the time series which is stationary between two changepoints.

The ANN-NBN model II of the power prediction, as shown in Table 4, has a small
error. Hence, the power prediction model II and its related power curve can be used as a
baseline for the monitoring process. Once the WT is operating as the baseline (normal state),
the model can provide accurate predictions of the power output along with minor power
residuals between the measured and the predicted power. When the WT has abnormal
operating conditions, the output variables deviate from the baseline model, and then the
model produces increasingly shifted predicted power residuals. Using the ANN model II
as a baseline, the performance of each operating mode in terms of the produced power is
monitored. The monitoring process aims at detecting any abnormal state change related to
the power residuals. The CUSUM change detection algorithm test is performed for that
purpose as shown in Figure 11.

ANN power residuals

r(2)

Y

Parameters initialisation
Likelihood ratio k=0 <
Recursive function g(k)=0

v

> k(i)=k+1

v

Log-likelihood ratio s(i)

v

The recursive decision function

g(k) = max(0; g(k — 1) + s(k))

!

False True

ifg(k) > h

Re-initialisation
g(k)=0

Figure 11. CUSUM change detection algorithm flow chart.

The main goal of the CUSUM test is to compare two hypotheses H( and 71, which
represent the normal and abnormal states of the different operating modes, respectively, to
see which one best fits the given datasets.

A scalar set of the ANN predicted power residuals r(i) = {r(1), r(2)...... r(k)} is
used as an input. Assuming that the power residuals have a Gaussian (normal) distribution,
then the hypotheses are as follows:

Ho: r(i) ~ N(po, o )forl = (1, k)
Hy: r(i) ~ N(po,0?) fOVZ =(1,...,ko), r(i) ~ N(pu1,0%) fori= (ko,...,k)

where:
ko is the unknown change time;
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to and yq are the means of the ANN power residuals before and after the potential
change, respectively;

k is the number of measuring points.

The corresponding log-likelihood ratio s(i) for detecting a change in the mean of
the ANN power residuals from jy (normal state—operating mode 1) and y; (abnormal
state—operating mode 2 and 3) can be obtained with Equation (11).

s(i) = Lt (r(i) - @) an

The recursive form of the CUSUM algorithm is an efficient method for performing the
CUSUM test. The recursive form of the decision function is calculated as Equation (12).

The log-likelihood ratio s(i) has a negative value before the change resulting from the
degradation in the gearbox efficiency, and then it has a positive drift after the change along
with the change occurrence time kg and the stopping time k,, as can be seen in Figure 12.

g(k) = max (0; g(k—1) +s(k)) (12)

kb i
* ”]v'“mv 1l

0.6
0.4

0.2

i [ WNH ‘

-0.2 |

-0.4

-0.6

Sampling time

Figure 12. Change indicator of the log-likelihood ratio of the ANN power residuals.

The alarm function is presented in Equation (13).

a0k = {1, if g(k)>h 13)

0, otherwise

A user-defined threshold & is used to make a reasonable balance between a quick-
change detection and a low false alarm rate; / is always positive; only the contributions to
the cumulative sum that add up to a positive number must be considered to determine the
decision function [57].
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To avoid or reduce the false alarms and missed change detections caused by the
parameter variations, the i must consider the maximum magnitudes of residuals under
the normal state of the operating mode, and then the threshold can be calculated as
Equation (14).

h=15x {max g(k) : k <k} (14)

The stopping time k,, which can be called alarm time as well, is the time instant at
which g(k) crosses the h.
k, = min{k : g(k) > h} (15)

The change occurrence time kg can be estimated as the time instant kg at which s (k)
changes from negative to positive slope as indicated by Equation (16).

ko = ko — N(ks) (16)

N (k) is the number of successive observations in which the decision function remains
positive, as expressed in Equation (17).

N(k) = N(k— 1)1{g(k—1)>0} +1 (17)

where 1(; 1)~y is the indicator of event g(k —1) > 0, namely, 1/, _1)-0} = 1 when
g(k —1) > 0Ois true, otherwise 114 _1)~0) =0.

Figure 13 shows the recursive CUSUM decision function of the ANN power residuals
for the three operating modes, in which the first operating mode is considered normal and
the others as abnormal states in terms of the degraded gearbox efficiency. The upper chart
presents the recursive CUSUM without re-initialisation, where i = 3.459. While the lower
chart presents the recursive CUSUM with re-initialisation once # is crossed (g(k) > h). The
stopping time (alarm) k, = 1018 is also shown there.

R-control chart as in Figure 14 is used to simplify the representation of the CUSUM
results depicted in Figure 13 (lower chart).

As depicted in Figure 13 (upper chart), during the state change occurrence, the CUSUM
of the log-likelihood ratio (g(k)) start increasing. Larger efficiency degradation indicates a
higher slope. On the other hand, it can be seen in Figure 13 (lower chart) and Figure 14 that
eight points are located in the out-of-control region (out of the upper control limit—UCL);
these points represent the stopping alarms detected using the CUSUM. The first stopping
alarm is triggered when the first state change is detected using the CUSUM,; the other
alarms indicate the continuous degradation in the gearbox efficiency as the slope increases,
as shown in Figure 13 (upper chart).

The threshold & was selected to avoid false alarms. However, a change detection
time delay D might occur accordingly, as seen in Equation (18). Thus, there is a trade-off
between the false alarms and the detection time.

D=k —k (18)
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Table 9 below summarises the performance monitoring results of the evaluated ANN
power residuals for the three operating modes based on the gearbox efficiency degradation.

Table 9. Parameters description and performance monitoring results based on CUSUM algorithm.

Parameter Description Value
Mo Normal state mean (Operating mode 1) 1.078
U1 Abnormal state mean (Operating modes 2 and 3) —2.263
o? Normal state standard deviation 22.498
h User-defined threshold (Equation (14)) 3.459
ka Stopping time (first alarm) (Equation (15)) 1018
ko Change occurrence time (Equation (16)) 969
D Change detection time delay (Equation (18)) 18

The monitoring method based on ANN predictions and CUSUM algorithm devel-
oped for the state change detection of gearbox efficiency offers a reliable analysis of the
power generation process. This methodology also provides an early warning system for
performance and condition monitoring, which helps prevent severe failure occurrences that
might lead to long shutdowns of the WT. It is worth mentioning that triggering early alarms
in advanced stages (ko) is an important indicator that can be used by the maintenance crew
for better maintenance action decision-making. The process state based on the triggered
alarms should be further investigated by the maintenance expert to eliminate the root
causes of the detected state change. In our case, the detected state change resulted from the
degraded gearbox efficiency leading to a degraded power generation process.

As indicated in the performance monitoring results, the first state change alarm k,
and the estimated state change occurrence time (early warning) ko helps the maintenance
expert to respond effectively and make decisions; accordingly, this helps in reducing the
effects of unexpected shutdowns and maintenance costs as well

In summary, the monitoring results of the power prediction ANN model can be used
as an efficient tool to monitor the performance of the WT by analysing the triggered alarms
and the existing power residuals, which probably indicate abnormal variations of the WT
performance. Moreover, the monitoring results can be used for further analysis, such as
fault detection and prediction. On the other hand, the results of the gearbox efficiency
prediction ANN model can be used in two ways. First, comparing the predicted gearbox
efficiency in a specific time frame with a threshold provided by the manufacturer to monitor
the efficiency degradation over time. Secondly, the remaining useful life of the gearbox
based on its efficiency over several time cycles can be estimated based on the predicted and
expected efficiencies and the efficiency threshold provided by the manufacturer. This helps
in performing better maintenance plans and schedules.

4. Conclusions and Future Work

In this study, two ANN models were developed with different network architectures,
designs and training algorithms. These models were able to predict the generated power of
a WT based on the wind speed and gearbox efficiency, in addition to predicting the level of
degradation in the gearbox efficiency based on the input wind speed and generated power.

Power residuals were calculated from the selected power prediction ANN model
with the smallest average RMSE value of 0.0194. A methodology of power residuals
prediction combined with a CUSUM change detection algorithm was proposed, analysed
and presented to monitor the change of operating modes. This methodology is based on
the power residuals resulting from the prediction ANN model and the available SCADA
data of other operational modes having different gearbox efficiencies resulting in different
degradation levels of power generation and different power curve profiles. The importance
analysis approach was used to evaluate the importance of each input variable on the
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outputs for both prediction cases; wind speed is the most influential variable with 97%
and 54% importance for the two models, respectively. Without real data, simulation
procedures were used to generate SCADA data (power and wind speed). Combined with
the developed ANN models, the recursive form of the CUSUM algorithm demonstrated
an efficient way to monitor the performance of the WT and assist in detecting efficiency
degradation changes. The results show that the proposed method is efficient and accurate
in monitoring and detecting the state changes of operating modes. The monitoring results
can be integrated and visualised using an appropriate graphical user interface (GUI) to
facilitate the monitoring process of the early warnings, alarms, and the general status of the
WT by the maintenance experts, which can then respond promptly to any observed change
in the state of the monitored WT component without affecting the overall operations. One
of the contributions of this work is modelling the SCADA data of wind speed and the
gearbox efficiency to predict the generated power using an ANN-NBN model, which can
train networks with full connections and arbitrary connections rather than the traditional
MLP network design; this allows effective modelling of a component or even a system with
complex structures of connections providing a huge amount of maintenance data. Future
research could be carried out by utilising tools for developing failure detection, prediction
and identification models using other appropriate types of real SCADA data towards the
full implementation of the PdM strategy. Additionally, the output of the monitoring process
can be used for failure classification problems.
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