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Abstract- The recent state-of-the-art developments in wind energy fault diagnosis and condition monitoring are surveyed. This 

paper reviewed different types of faults that might occur in wind turbine systems. Moreover, the symptoms of the common 

faults and related diagnosis techniques are discussed. Meanwhile, this paper mainly aims to survey the most recent condition 

and performance monitoring approaches of wind turbines with the primary focus on blade, gearbox, generator, braking system, 

and rotor. Different methodologies of wind turbine condition monitoring, performance monitoring, and fault diagnosis reported 

in the literature are discussed. The main objective of this paper is to supply invaluable information for future researchers in 

escalating the ability as well as accuracy of wind turbine condition monitoring techniques. 
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1. Introduction 

The common types of wind turbine include horizontal 

axis wind turbines (HAWT) and vertical axis wind turbines 

(VAWT) [1]-[4]. The components of wind turbines consist of 

shafts, generator, blades, and gearboxes [5]. Wind turbines 

might fail depending on the either momentary events or 

aging failures in their components and will lead to system 

interruptions as well as cause a huge amount of economic 

losses [6]. Repair actions for a few types of wind turbines 

cannot be accomplished due to their extremely high towers 

[7]. Hence, condition monitoring and fault diagnosis play a 

significant role in Wind Energy Conversion Systems 

(WECS) [8]-[15]. The main objective of this paper is to 

present a comprehensive review of the state of the art, 

different types of the fault that might occur in WECS, and 

the diagnosis strategies and related methods. The review will 

be mainly focused on the double-fed induction generators 

(DFIG) equipped with power electronic devices, since they 

are commonly used for the variable speed turbines. The rest 

of paper is organized as follows. Section 2 highlights the 

common faults that might occur in wind turbine systems. 

Sections 3 and 4 introduce condition monitoring and 

performance monitoring techniques of wind turbine systems, 

respectively. Eventually, Section 5 concludes this paper. 

 

 

 

2. Wind turbine components degradation and 

consequences 

As discussed earlier, the main objectives in wind turbine 

control systems are avoidance of excessive mechanical loads, 

maximisation of energy capture, and the provision of 

appropriate power quality [16]. Maximum power extraction 

in WECS can be achieved using bigger diameter of wind 

turbine blades [17].  Blades are made by either glass fiber 

with epoxy composites or high-density wood [18]. Blades are 

one of the weakest component in a WECS and some faults 

might happen directly on the blades such as hub and blade 

corrosion, crack, serious aero-elastic deflection, and rotor 

imbalance [19]-[23]. Furthermore, high force on the blades 

causes high vibration and fatigue in the main body of the 

turbine. It is important to note that failures in the pitch-

controlled system will cause the blades breakdown. Tower of 

the wind turbine is basically designed to maintain vibrations 

within wind speed changes as well as to hold the nacelle. A 

tower might fail dues to a storm, fire, or earthquake [24]. A 

gearbox in the drive train increases the rotor speed to values 

more than the acceptable range of wind turbine speed (i.e., 

from 20-50 rpm to 1000-1500 rpm). The failure of the 

gearbox might be due to the shaft imbalance, shaft damage, 

shaft misalignment, gear damage, bearing damage, broken 

shaft, high oil temperature, and leaking oil [25]-[29]. Failures 
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in the wind turbine generator will cause several issues such 

as abnormal noises and excessive vibration in the generator. 

Generator fault can be occurred due to the either internal or 

external failures [30]-[32]. External failures happen due to 

the short circuits in the AC grid which will lead to generator 

overheating. Internal failures are usually because of the poor 

insulation or mechanical failures such as slip ring and 

bearing. The yaw system failure can be occurred by failures 

in its components, typically control system and drive motor 

failure. Failure in the yaw system may cause some common 

failures such as losing the track of the wind direction, results 

the output power decline [33]. Regarding the failures in the 

brake system, the wind turbines must be stopped. Otherwise, 

it will cause serious damages to the mechanical units, main 

structure, and blades [34]. Fig. 1 illustrates the most frequent 

failures of components for both onshore and onshore wind 

turbines [35]-[37].  

  

Fig.1. Failure distribution for components of onshore 

and offshore wind turbines. 

   The tower has the highest value, followed by the 

transformer and then the generator. Moreover, the most 

common failures associated with WECS components are 

shown in Table 1. Group A faults represent the most harsh 

failures which can lead to huge damages in WECS, thereby 

increasing maintenance costs. Failures in group B might 

cause derated operation of WECS. Group B failures occur 

because of the over speeding of wind turbines. 

Table 1. Typical faults in WECS [38]. 
 

Group A Group B Group C 

   

Catastrophic blade fault Corrosion or cracks in blades Controller fault 

Catastrophic hub fault Dirt/ice built up on blades Hydraulic system fault 

Main bearing fault Hub spinng on shaft Brake system fault 

Main shaft fault Pitch fault Pitch system fault 

Gearbox fault Shaft misalignment  

Shaft-gearbox coupling fault Yaw system fault  

Generator fault Cable twist  

Tower fault Wind speed/direction measurement error  

Foundation fault   

Metrological system fault   

Premature brake activation   

Electrical system fault   
   

 

3. Recent techniques in wind turbine condition 

monitoring 

Due to the failures in WECS such as fractured gears, 

drive train, and bearings, condition monitoring plays a vital 

role in order to reduce the maintenance costs. Condition 

monitoring and fault diagnosis aim to decline maintenance 

costs by preventing failures in wind turbines. Fig. 2 

illustrates the typical architecture of WECS condition 

monitoring and diagnosis. Note that in real-world 

installation, some signals can be either monitored or 

discarded. The following sub-sections review condition 

monitoring and fault diagnosis approaches associated with 

WECS. 

 

page Due to the aero-elastic deflections and crack faults 

that might happen in the wind turbine blades, it is essential to 

monitor the blades in order to ensure better operation 

performance. For this aim, the efficient integration of 

structural dynamic and aerodynamic models should be 

available. In recent years, structural and aerodynamic 

modeling has been widely investigated, where the most focus 

was in the mode shape method. Since this approach is 

inappropriate for the detailed design of large wind turbine 

blades, a new aerodynamic model based on the modified 

strip theory and the fluid-structure interaction approach using 

multibody dynamics software is presented in [41]. The most 
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popular methods for condition monitoring of rotating 

machinery are vibration based monitoring. In case of non-

linear signals and non-stationary, a few methods based on the 

signal processing theory have been suggested such as 

wavelet transformation, empirical mode decomposition, and 

Wigner-Ville distribution. One of the preferred options for 

diagnosing the crack failure of the wind turbine blades is 

empirical mode decomposition. Currently, the most available 

and suitable methods for continuous monitoring of wind 

turbine blades are strain and acoustic emission monitoring. 

   Fig. 3 shows the structure of a gearbox, which consists 

of the low-speed stage (connected to the rotor), intermediate-

speed stage, and high-speed stage (connected to the 

generator). Gearboxes are usually instrumented with around 

125 sensors. Gearbox fault diagnosis has been a significant 

challenging issue because of their complex structures and 

harsh working conditions. Fault diagnosis of wind turbine 

planetary gearboxes re-lies on gear characteristic frequencies 

as well as monitoring their magnitude changes. Due to the 

background noise, complex kinetics, and unique structure, a 

gearbox vibration signal is a mixture of several complex 

components. At present, the most commonly used methods 

for non-stationary mechanical faults are time domain 

averaging method, vibration analysis, spectral kurtosis 

method, and time-frequency analysis. To some extent, it is 

complicated to diagnose gearboxes faults properly because of 

the spectral complexity of gearbox vibration signals and their 

frequency modulation nature. For fault diagnosis of planetary 

gearboxes, a frequency demodulation method using the 

ensemble empirical mode decomposition and energy 

separation algorithm is proposed in [42]. The proposed 

method can be used to detect both the wear and chipping 

faults. Since demodulation analysis methods and 

conventional spectral analysis cannot identify the constituent 

frequency components of gearbox faults from non-stationary 

signals, a time-frequency analysis based on the adaptive 

optimal kernel is proposed in [43, 44] in order to indicate the 

frequency characteristic of non-stationary signals as well as 

their time-varying features for wind turbine planetary 

gearbox monitoring. 

 

Fig. 2. Main configuration of WECS condition 

monitoring and diagnosis [39, 40]. 

Additionally, different levels of impulses induced due to 

the gearbox faults can be extracted and identified. The 

iterative atomic decomposition thresholding method has been 

applied to analyze the complex signals from wind turbine 

gearboxes in order to enhance extracting the feature 

frequencies and suppressing noise for diagnosing both the 

distributed and local gear faults [45]. Shannon wavelet 

support vector machine using manifold learning is employed 

for fault identification in the wind turbine gearboxes. This 

method can satisfy the accuracy of 92% in gearbox fault 

diagnosis in comparison with other methods [46]. A novel 

method for intelligent fault diagnosis of wind turbine 

systems based on the FMECA (Failure Mode, Effects and 

Criticality Analysis) and ontology is proposed in [47]. The 

vibration response model using the Fourier series analysis is 

explored to investigate the impacts of the local faults that 

might occur at the sun gear, any parts of planet gears, or 

annulus gear [48]. Meanwhile, a statistical diagnosis 

algorithm for the detection of different mechanical defects 

such as unbalance and misalignment faults under a wide 

range of working conditions of load and speed is presented in 

[49]. The fault tree method in accordance with the structural 

features of wind turbine gearbox is established and the 

related quantitative and qualitative analysis of the gearbox 

faults is carried out in [50]. With this diagnosis algorithm, 

the duration of fault diagnosis significantly declines and 

boosts the maintenance efficiency of the gearbox faults. 

Table 2 summarizes these techniques used for the fault 

detection and condition monitoring of wind turbine 

generators. 

 

 

 

Fig. 3. Side view of the gearbox. 
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Table 2. Summary table with the aim of generator fault diagnosis and condition monitoring [51]. 

 

Monitoring schemes Major advantages Major disadvantages  

  Expensive, intrusive, subject to  

Vibration 

Reliable, standardized sensor failures, limited  

(ISO10816) performance for low speed 

 

  

  rotation  

 

Torque 

Direct measurement of rotor 

Expensive, intrusive 

 

load 

 

   

    

 

Directing monitoring the 

Limited to bearings with  

Chemical analysis closed-loop oil supply system, 

 

bearing and its oil 

 

 

specialist knowledge required 

 

   

    

  Embedded temperature detector  

Temperature measurement Standardized (IEEE 841) required, other factors may  

  cause same temperature rise  

    

 Able to detect early-stage fault,   

 good for low-speed operation, 

Sensor required, expensive, 

 

Ultrasonic frequency high signal-to-noise ratio, 

 

specialist knowledge required 

 

 

frequency range far from load 

 

   

 perturbation   

    

Sound measurement Easy to measure 

Background noise must be  

shielded 

 

   

    

Laser displacement Alternative way to measure Sensor required, expensive,  

measurement bearings vibration di  cult to implement  

    

 

No additional sensor needed, 

Displacement based rather than  

 force based, di  cult to detect  
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Stator current monitoring inexpensive, non-intrusive, easy 

 

incipient faults, sometimes low 

 

 

to implement 

 

 

signal-to-noise ratio 

 

   

    

    

 

 

  Condition monitoring of the induction generators in the 

wind turbine systems is being often accomplished based 

on several well-known approaches such as noise, partial 

discharge, temperature, vibration, and electrical signals 

collected from the generator. Transient stability and 

steady-state analysis has been carried out in order to 

compare dynamic characteristic of wind farm equipped 

with either DFIG or PMSG wind turbines [52]. DFIGs are 

imposed by the grid voltage and if the current is controlled 

at the rotor side, this might lead to high voltages, thereby 

destroying the converter. A method considering rotor short 

circuit current of DFIG wind turbines is suggested to 

obtain suitable expression of the rotor current [53]. This 

method is appropriate for analyzing several cases under 

different levels of both the voltage rise and voltage sag. In 

addition, it improves the available capacity of the 

uninterrupted operation of the wind turbine systems during 

the voltage failures. In order to protect the DFIG wind 

turbine systems during the low voltage faults, a dynamic 

characteristic analysis is established from the points of 

district grid voltage stability and generator operation 

constrains [54]. Modelling and control of a DFIG wind 

turbine system during the grid disturbances were 

investigated in [55]. The main contribution of this study is 

to establish a comprehensive control technique of the 

power from the dc-link through the grid side converter 

when the line to ground faults occur. Fault diagnosis based 

on the Fractional-Order Controller (FOC) for both the 

stator and rotor faults considering main flux, and cross 

flux saturation, and iron losses in a Self-Excited Induction 

Generator (SEIG) wind turbine system is investigated in 

[56]. An effective pre-processing analysis for diagnosing 

new classes of faults in the controlled DFIG sensors under 

missing data scenarios is proposed in [57]. 

   Bearings and braking system are particularly the vital 

parts of wind turbine systems, since faults in these parts 

can results in catastrophic failure of the WECS. Bearing 

faults lead to the increased wind turbine maintenance costs 

as well as expensive breakdowns. In order to indicate 

bearing faults in wind turbine systems, one approach used 

data mining using historical wind tur-bine data by neural 

network algorithm [58]. The accuracy of the proposed 

method is estimated to be around 97% which faults can be 

predicted 1.5 hours before their occurrence. An online 

condition monitoring based on currents and voltages for 

fault diagnosis of wind turbine brake system is studied in 

[59]. A diagnostic algorithm for bearings under non-

stationary operational conditions [60] is proposed. The 

ensemble super-wavelet transform taking signal 

decomposition and feature extraction as an interactive 

process into account is used to investigate vibration 

features of bearing faults [61]. 

   Failures in rotor are of significant importance since they 

might cause secondary faults which can lead to severe 

motor malfunction. Technically, condition monitoring and 

fault diagnosis approaches for wind turbine rotors can be 

categorized as acoustic emission, air-gap torque, stator 

current, electromagnetic field monitoring, induced voltage, 

instantaneous angular speed, instantaneous power, motor 

circuit analysis, surge testing, vibration, and voltage. The 

interested readers are referred to a detailed review paper 

[62] for more information about the mentioned techniques. 

4. Fault diagnosis based on performance monitoring 

techniques in WECS 

   Condition monitoring approaches require installations of 

specific equipment and sensors in or-der to identify faults 

at specific parts of a wind turbine. In addition, these 

techniques are usually based on either the constrained 

experiments or simulated dataset. Performance monitoring 

is an-other stream of research which focuses on utilizing 

historical operational turbine data in regular time-interval. 

The costs associated with these techniques are almost 

negligible since wind turbine performance data are 

recorded by the Supervisory Control and Data Acquisition 

(SCADA) system in real time. Performance monitoring 

approaches using statistical methods and data mining o er 

an alternative technique of wind turbine condition 

monitoring. Wind turbine faults are usually recognized 

with a delay by the SCADA data. Thus, data mining 

approaches are widely used to extract the hidden patterns 

in the data in order to perform an appropriate maintenance 

on the system. 

   Faults of blades are of particular concern because of 

their cost to repair. Two main faults associated with 

turbine blades which negatively affect the performance of 

wind turbines are the blade angle implausibility (i.e., the 

deviation between the actual and set pitch angle), and 

blade asymmetry (i.e., the deviation of the blade pitch 

angle). Data-mining approaches utilizing genetic 

programming algorithm were used to monitor and predict 

the performance of a blade pitch [63]. A data-mining 

algorithm was built to predict and identify status patterns 
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of wind turbines using status and operational data 

collected [64]. A performance monitoring approach based 

on wind turbine SCADA alarms was investigated in [65]. 

The authors in [66] proposed the continuous wavelet 

transform-based approach to enhance the fault detection of 

wind turbine blades considering the Meyer wavelet as the 

basic wavelet. Non Destructive Testing (NDT), also called 

Non Destructive Evaluation (NDE), is used in [67] to 

monitor the behavior of a wind turbine blade during a 

quasi-static test-to-failure. Acoustic emission technique 

[68]-[70] is used for monitoring of a typical wind turbine 

blade during the fatigue test. In addition, a technique based 

on the infrared thermal image is carried out for non-

destructive testing of wind turbine blades in [71]. The 

equivalent damage loading techniques for full-scale wind 

turbine blade which might result in the occurrence of 

fatigue were also investigated in [72, 73] The authors in 

[74] explored the piezoceramic based impedance and 

active sensing methods for the monitoring of wind turbine 

blades. 

   Performance monitoring regarding gearbox faults is 

mainly utilized based on the frequency-domain analysis. 

Fourier transformation and wavelet are the two widely 

used methods. Fault detection of a gearbox using discrete 

wavelet transformation is discussed in [75]. The Fourier 

transform method and the variable amplitude Fourier 

series are developed to study gearbox fault detection based 

on vibration signals [76, 77]. The Morlet continuous 

wavelet transform is used to gearbox fault diagnosis 

considering fluctuating loads [78]. High frequency 

vibration data collected from gearbox testing were used to 

gearbox fault detection in [79]. The authors included the 

Fourier transformation as well as k-means clustering 

algorithm. The frequency analysis assumes that the 

underlying process is stationary and linear. Additionally, 

the time factor is eliminated in the frequency-domain 

analysis and the change of a process is not taken into 

account. These factors are the main drawbacks of this 

technique. A model of variable-speed wind turbine 

considering thermodynamic process of gearbox lubrication 

system and using the SCADA data is developed to fault 

detect of wind turbine gearbox [80]. The authors in [81] 

developed a technique based on neural networks for fault 

forecasting of wind turbine gearbox. A novel methodology 

using the statistically robust Mahalanobis distance 

techniques for the prognosis of wind turbine gearbox 

failures is proposed in [82]. Wavelet techniques using high 

frequency data are used [83] for monitoring gearbox 

vibration signals. In addition, diagnosis techniques based 

on the acoustic emission data and high frequency vibration 

using wavelet transforms are used for monitoring wind 

turbine gearbox failures [84, 85]. Physics of failure 

techniques, for example as useful life (RUL) prediction, 

were used for the prognosis of the gearbox [86]. Statistical 

techniques were also developed for the prognosis and 

diagnosis of wind turbine gearbox such as linear regressive 

techniques [87] and auto-regressive models [88]. 

Diagnosis methods for wind turbine gearbox using low 

frequency data and based on the artificial neural networks 

have also been investigated [89]. 

   Predicting generator faults helps timely maintenance as 

well as replacement of brushes. Performance monitoring 

of wind turbine generators have been widely performed 

using the Fourier transformation and wavelet. The 

literature regarding the gearbox failures is mainly focused 

on the frequency-domain analysis. For instance, fault 

diagnosis in terms of multistage gearbox by demodulation 

of motor current waveform is investigated in [90]. 

Application of wavelets to gear-box vibration signals for 

fault diagnosis is discussed in [91]. Variable amplitude 

Fourier series using vibration signals were developed for 

wind turbine gearbox diagnosis [92, 93]. The wavelet 

approach is used in another study [94] for fault diagnosis 

of gearbox considering varying load conditions. Data-

mining algorithms based on the datasets collected from the 

SCADA systems were applied for early prediction of 

generator carbon brush faults in wind turbines [95]. A 

neural network is used to improve the accuracy of fault 

diagnosis of wind turbine generators [96]. The authors in 

[97] proposed the architecture of a novel predictive 

maintenance system, called Intelligent System for 

Predictive Maintenance (SIMAP), where its main 

objective is finding the most appropriate diagnosis and 

maintenance actions for wind turbine generator. Data 

mining algorithms and statistical quality control theory are 

applied to monitor the vibration excitement of the gearbox 

in its high-speed stage in [98]. 

5. Conclusion 

   In this paper, we have attempted to summarize the 

developments and research of practical condition 

monitoring and fault diagnosis approaches for WECS. The 

performance monitoring methods embedded with wind 

turbine systems are also summarized. First, the structure of 

wind turbine systems is discussed. Then, the typical faults 

of wind turbine systems with related diagnosis algorithms 

are presented. The privileges and drawbacks of each 

technique are compared well in detail in order to find the 

most appropriate approach. Fundamentally, the main 

purpose of this paper is to provide a widespread view over 

recent approaches in the area of condition monitoring and 

fault diagnosis of wind turbine systems in order to guide 

the future research activities. It is expected that the given 

information in this paper could lead to some major 

directions for future researches. 
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