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Abstract: For decades of wind energy technology developments, much research on the subject has
been carried out, and this has given rise to many works encompassing different topics related to
it. As a logical consequence of such a research and editorial activity, state-of-the-art review works
have also been published, reporting about a wide variety of research proposals. Review works are
particularly interesting documents for researchers because they try to gather different research works
on the same topic present their achievements to researchers. They act, in a way, as a guidance for
researchers to quickly access the most meaningful works. The proposal of this paper consists of going
one step further, and to present a review of state-of-the-art review works on wind-energy-related
issues. A classification into several main topics in the field of energy research has been done, and
review works that can be classified in all these areas have been searched, analyzed, and commented
on throughout the paper.
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1. Introduction
Wind energy has increased its presence in electrical power systems around the world
in recent decades. Such a presence can be considered as absolutely necessary in a world
that shares a greater and greater energy consumption need with an climate crisis that,
at best, must be qualified as severe, and that can be noticed by means of the phenomenon
known as global warming [1]. There seems to be certain agreement among scientists in
the fact that greenhouse gas emissions are responsible for this crisis, and this reinforces
the conviction that humankind should concentrate all possible efforts on the extraction of
energy from sources different from fossil fuels.
According to the idea in the previous paragraph, the irruption of renewables and,
in particular, wind energy, is clearly justified. Hence, the development of all kinds of wind
energy converters (WEC) and related technologies has experienced an important growth
since last century. As could not be otherwise, this fact has involved the development of
research in all areas regarding wind energy uses, from the resource, i.e., the wind and its
characterization, to the devices used for capturing energy, i.e., the different kinds of WECs
and their components. Furthermore, as a consequence of all this, multiple works have been
arising, analyzing the contributions of all this research, i.e., state-of-the-art review works.
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Wind energy is a vast and very popular research field. There are several research
sub-domains in this field, such as wind energy conversion systems [2], wind power modeling, energy efficiency and storage [3], energy economics [4,5], wind prediction [6,7] and
forecasts [8], strategies [9] and environmental effects [10] related to wind energy, and many
others. However, the proposal of this paper is to review several of these reviews dedicated
to related topics in the research associated to wind turbines (WTs) and wind farms (WFs).
Table 1 shows these topics and the corresponding review articles that have been found. All
these reviews have simply been read and commented here, so that researchers that can be
interested in such review works can find a summary of them here.
In the rest of the paper, Section 2 is devoted to review works regarding WT performance optimization. WT health and condition monitoring works are analyzed in Section 3.
Section 4 deals with reviews on aerodynamics of WTs. Review papers about WT power
curves are described in Section 5. Power curves are closely related to blades, and information about reviews on blades can be found in Section 6. An important topic regarding WT
and WF performance has to do with wakes created inside WFs. Works reviewing research
on wakes can be found in Section 7. As the number of WFs is increasing rapidly in many
countries, different control strategies will have to be developed and the investigation about
how WTs can become a part of such strategies is and will continue being very important.
There are also review works dealing with this issue, and some of them are presented in
Section 8. Finally, Section 9 presents a survey of reviews on other important topics, such
as WT installations, life, manufacturing, the computer fluid dynamics (CFD) simulation
technique, and role of Weibull function in WTs.
Table 1. Several topics related with wind turbines (WTs) and wind farms (WFs) and corresponding
review articles.

Topics

Review Articles

Optimization of the WT performance

[11–18]

WT health and condition monitoring

[19–40]

Aerodynamics in WTs

[30,34,41–46]

WT power curves

[47–54]

WT blades

[43,55–57]

WT control

[58–64]

WT installation

[65,66]

WT life

[22,67]

WT manufacturing

[68,69]

Weibull functions in wind sector

[70]

CFD simulation techniques in WTs

[71,72]

Wake modeling in WFs

[73–76]

2. Optimization of the WT Performance
In [11], the authors reviewed the different techniques and strategies to optimize the
performance of the WTs. As the energy demand is continuously increasing, and nonrenewable energy sources are depleting, there is a requirement to find eco-friendly energy
sources such as wind energy. To be competitive in the energy market, the designers
and manufacturers of WTs look for the optimal solutions that satisfy objectives such as
minimization of investment, minimization of blade size, and maximization of the annual
production, which will eventually result in minimizing the cost of energy and increasing
the profit. Although the main objective of most research works is to minimize wind energy
cost, many worked on the performance improvement of WTs using heuristic optimization
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methods and parallel processing while considering multi-disciplinary objectives. However,
the optimization of the shape of WTs does not imply the minimum cost of energy, and care
must be taken to ensure the proper functioning of the system components. There has been
an increment in the research papers that work on optimization of a horizontal WT blade,
airfoil shape, and rotor and tower design problems in recent years. There are still further
research areas like complete load calculation and composite structural optimization that
are not fully resolved yet.
Serrano et al. [12] reviewed recent developments in the optimal design of WFs, considering the most relevant issues, and also discuss the optimization techniques in the design
along with recent WF models and optimal location of the WTs. However, the optimal
design of WFs is influenced by economic indicators, local legislations, environmental issues,
and presence of nearby WFs. Since the classical optimization techniques such as heuristic
algorithms, i.e., genetic algorithm (GA), in determining the optimal location of WFs, are
not sufficient to minimize the objective functions in the WF design by taking into account
some or all the factors like cost and energy production, the authors analyzed meta-heuristic
techniques, such as particle swarm optimization (PSO), ant colony optimization algorithm
(ACO), covariance matrix adaptation evolution strategy (CMA-ES), and strength Pareto
evolutionary algorithm (SPEA) to obtain better and efficient solutions. The paper further
investigates how to develop a realistic model of the economic behavior of WFs focusing on
the modeling aspects, such as investment costs and costs of operation and maintenance.
In the future, research should be done providing the details of the computational cost of the
optimization methods, models to calculate energy production in a WF, project uncertainty,
and environmental impact assessment.
In [13], the importance of optimization along with challenges and approaches in
WT design, particularly in their towers, support structures, and foundation systems,
was discussed. It was also added that the computer-aided system used for structural
analysis can benefit from finding better and economic solutions for the complex engineering
system, subject to fluctuating and irregular loads, in WT design. However, the simulation
technology is still not fully evolved to obtain better results in optimization, and there is the
necessity of accurate, but expensive computation, and hence further research is required in
the design of simplified models, to reduce uncertainty in simulation, to reduce load cases
for the tower, and to have interfaces for efficient and integrated design.
In [14], the authors shed light on the challenges and different control strategies to
tackle the structural problems in large WTs that occur due to their size and power rating
when the WF must be scaled up as a result of growing demand. The authors also discussed
the objective of the reduction in production cost to make wind energy more competitive in
comparison to other energy sources, considering low and high wind speed regions. As for
size increases, the profit also increases, which is the objective of the WF owner, but at the
same time, the structural load becomes more dominant, and this can result in the early
failure of components. Since both objectives are conflicting, this leads to the difficulty of
finding a control mechanism to obtain an efficient and reliable solution. As most research
has been done in high-speed wind regions, tracking of the power in low-wind regions
leads to the high variation in the drive-train, causing failures in the system. Thus, in order
to balance out the optimum power production and load reduction, the area needs to be
further explored. Additionally, active aerodynamic control devices can also be used to
complement the main control schemes to further improve their performance.
To efficiently transform the kinetic energy into electrical energy and also to lower the
system cost, WTs need to optimize their performance using advanced techniques such as
computational fluid dynamics (CFD). Alireza et al. [15] critically reviewed various CFD
techniques, as illustrated in Figure 1, used in the literature for optimization of WT performance considering the objective functions to inspect the effectiveness of WTs, different
simulation methods, and algorithms for assessment of the wind power system. CFD techniques are not only applicable to the wind flow visualization around the structures related
to WFs, but also in the modeling of the blades of WTs. However, their time-consuming
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nature makes them less effective in large systems. The blade element momentum (BEM)
method is widely used for efficiently modeling the flow field and calculation of aerodynamic loads on blades, but it requires highly accurate experimental aerodynamics data
of airfoil. Studies have also suggested that multidisciplinary optimization (MO), which
involves the objectives of different approaches, can help decision-makers to obtain an
optimal design. Many of the, algorithms such as PSO, GA, simulated annealing (SA),
and gradient-based approach (GBA), are discussed to optimize the performance considering the different aspects, schemes, and models, and GA was concluded to be the most
efficient one.

Comprehending
behavior or airfoil
under fluid flow

CFD based
Optimization of WT

Investigating effects
of shape and material
of airfoils

Finding the best
shape of airfoils with
algorithms

Figure 1. An illustration for computer fluid dynamics (CFD)-based optimization of wind turbines
(WTs) [15].

To optimize the performance of the WFs with a huge number of WTs, different aspects
of the system need to be considered. The optimization of the WFs requires investigation
of various scenarios, general conditions affecting the performance of WTs, analysis of
the problems, and finding a solution for them. In [18], the authors reviewed the recent
approaches for design and optimization of the WFs in the literature, intending to enhance
the efficiency of WFs using state-of-the-art models and numerical methods. A survey shows
that most of the research has been performed for the improvement of the different aspects
of the system modeling, which includes efficient energy conversion and risk management,
along with the assessment of other important factors like WT wakes and turbulence,
environmental factors, electric losses, structural fatigue, and degradation of WTs on the
overall system. Moreover, due to the limited design parameters in the current modeling
schemes, their significant applicability and benefits are not fully achieved yet and demand
further research.
In remote areas and islands, electricity demand is usually satisfied by conventional
methods. However, with the growing population, the increasing demand of electricity
in these areas needs an alternative cost-effective power generation system. A standalone
hybrid renewable energy system (HRES) or a microgrid (MG) with a renewable energy
system is a reliable and sustainable solution for continuous electric supply in this case.
Although an HRES is an optimal solution, the cost associated with this system is a major
challenge. Hence, before deployment of an HRES, the optimization of its size is an important factor for reliable operation. Al-Falahi et al. [16] reviewed various optimal sizing
algorithms developed for standalone HRES. Classical and artificial intelligence algorithms
that are used as size optimization methods are discussed in detail. It is concluded in [16]
that single artificial intelligence (AI) algorithms provide an optimal solution in terms of size.
The paper also provides a comparison of optimal sizing algorithms in various categories of
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standalone wind and solar HRES. For finding the optimal size of these systems and their
optimal combinations, they considered the effect of cost, social and environmental impact,
and reliability as assessment parameters. Based on the assessment, they recommended the
PV–WT–DGBS system as the most popular hybrid energy system for islands and remote
areas, while PV-WT-BS is the most eco-friendly combination with zero emissions. In [16],
one more observation was highlighted, i.e., that in size optimization, load type and metrological data play an important role, and if this information is used, then an improvement in
the results is observed. Additionally, the authors of [17] analyzed wave energy economics
in a holistic way by enhancing wave energy competitiveness through co-located wind and
wave energy farms. This study examines the synergies between wave and offshore wind
energy, focusing on the shadow effect and the associated increase in the accessibility to
the WTs.
Future research in WT performance optimization includes the calculation of the complete load on the wind turbine components using advanced algorithms and optimization
techniques like heuristic and Pareto-optimization techniques with a parallel processing
system. New manufacturing techniques for the development of new composite textiles
should be investigated for optimization of structure and cost reduction of the overall
design. The computation cost of the different optimization techniques and evolution of
their behavior as the size of the WF increases and hence based on that efficient optimization
techniques must be developed. Models for the calculation of the energy produced by WFs
can be the subject of future research [11]. Simple rotor models with high accuracy are
recommended to be developed, which will allow the use of conventional software made
for structural analysis [12]. Further, there is a need for further research to reduce the uncertainty of simulations, design of optimal WT structures, probabilistic design exploration,
reduction of load cases, and development of interfaces for efficient design [13]. Innovative
control methods are required to handle multi-objective problems in manufacturing massive
turbines [14].
3. WT Health and Condition Monitoring
Increasing demand of electricity can be satisfied by larger WFs with high-capacity
WTs. The outcome of the WTs is generally affected by harsh weather conditions and load
patterns. Therefore, for the profitability and reliability of WFs, optimized maintenance
strategies are required. Health management of WT farms involves the maintenance of
low-speed bearings and planetary gearboxes. A review of condition monitoring (CM)
and condition-based maintenance of farm-level WTs was presented in [19]. Condition
monitoring and maintenance include a selection of components for repair; hence, it reduces
the maintenance cost associated with the unnecessary repair and replacements. In this
context, along with the diagnostics, new term prognostics, i.e., predictive diagnostics, is
used. Various state-of-the-art methods in diagnostics and prognostics are compared based
on implementation strategies, reliability, and accuracy. The review also includes challenges
and future scope in conditioning monitoring and maintenance for large scale WFs.
Among different types of WFs, offshore WFs are the most profitable renewable energy
source in Europe. However, structural health monitoring (SHM) of their WTs is important
from a reliability and profitability standpoint. In [20], for review, SHM systems were
viewed as statistical pattern recognition problems. Hence, various stages of pattern recognition problems from data acquisition to feature extraction and model formulation were
considered for review of SHM of offshore WTs. Maria et al. [20] suggested that, for reliable
operation and reduction of unnecessary repair and turbine overloading, the optimization
of each stage of the SHM system is essential.
With the increasing demand of wind energy, the demand of reliable operations and
low maintenance cost of WTs is also at its peak. High performing WT designs, as well
as reliable and cost-effective CM techniques, are both equally essential to improve the
availability of wind energy. A review in [21] highlighted various CM aspects, recent trends,
and future challenges as shown in Figure 2. Classification of CM techniques for WTs,
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diagnosis, maintenance strategies, and their effect on each other is also presented in [21].
It also highlighted recent trends like the use of WTCM in remote areas, the strength and
weaknesses of CM in WTs, research priority, and future challenges in the area of WTCM.

Data Acquisition

Determination
of
Current state

Condition
Monitoring

Sensors

Signal Processing

Identification, Compression,
Amplification, Filtering, etc.

Feature Extraction

Time, Frequency, Wavelet
Time Frequency analysis

Diagnostic

Fault Detection

Pronostic

Fault Detection

Corrective
Maintenance

After the Fault

Preventive
Maintenance

Before the Fault

Palliative
Maintenance

Currative
Maintenance

Systematic
Maintenance

Conditional
Maintenance

Forecast
Maintenance

Proactive
Maintenance

Provisional
Rehabilitation

Permanent
Rehabilitation

Time based or
scheduled
intervention

Present state
parameter based
intervention

Parameter Prevision
based
intervention

Condition
based
intervention

Figure 2. Overview of condition-monitoring and maintenance processes for WTs [21].

Offshore wind energy sources are major contributors to renewable energy. However,
their lifetime and maintenance are the main issues in availability and reliability. The service
life of a typical WT is 25 years, which may be extended further based on the structural analysis. Lifetime extension without compromising safety standards is desirable as it increases
the return on investment (ROI). In this context, a review of failure mode identification of offshore WTs throughout their service life was presented in [22]. This work highlighted three
parameters of end-of-life (EOL) situations; among them life extension is highly encouraged,
which can be achieved by using CM, periodic inspection, and maintenance. Although life
extension is preferred from a profit standpoint, assessment of failure mode analysis, risk
estimation, and health monitoring as a function of cost are essential before permitting life
extension. Failure mode identification involves structural health monitoring, CM, good inspection, and Observations and Measurements (O&M) strategies. The other two options in
the EOL situation when life extension is not possible are repowering or decommissioning.
With the growing demand of power from WFs, the size of WTs is also increasing.
For reliable and efficient performance of large-scale WTs, identification and correction of
every single fault are most essential to increase production and profit. Extreme weather
conditions result in dynamic loads. The large size and operating conditions bring new
challenges in the operation and maintenance of WTs. To avoid breakdown structural
health monitoring, CM, fault prognostic, and knowledge about previous failures in WTs
are important. The prognostic technique is a promising research area in WTs to handle
these issues. A brief review of prognostic techniques applied to critical components of
WTs was provided in [23]. The basic framework of this technique is shown in Figure 3.
In the case of WTs, from the economic and reliability point of view, gearbox, main bearing,
and blades are considered critical components. In order to maximize efficiency, availability,
and profits, it is highly encouraged to implement prognostic techniques in O&M of critical
components of WTs. For prognostic techniques, data from condition monitoring systems
(CMS) and supervisory control and data acquisition (SCADA) are used. Among various
reviewed techniques in [23], the neural network and particle filters method have been
found effective. Further, it was suggested that to handle different challenges of WTs, a
combination of CM, diagnostic, and prognostic techniques is required.
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Figure 3. Framework of prognostic techniques applied to critical components of WTs [23].

Blades of WTs are important but costly parts. Operation and maintenance of the
turbine blades largely affect the availability of wind power. Material degradation and
fatigue are two major damages that are observed in WT blades. Early damage detection
can significantly improve availability and maintenance plans. A detailed review of damage
detection techniques applied to WT blades was presented in [24]. It also included various
sensors like strain gauge, accelerometer, fiber optic, and piezoelectric sensors that are
employed on the turbine blades for damage detection. Along with the sensors, damage
detection techniques reviewed in [24] include transmittance function, wave propagation,
impedance, and vibration-based. A few future directions, challenges, and existing problems
in this research area are also highlighted.
One more survey on structural health monitoring of WTs was presented in [25]. It
covered fault diagnosis of methods presented in the years 2012 to 2015. Reference [25]
focused on the structure of WTs and component failures in WTs. Different fault methods
such as time-frequency analysis methods, vibration-based methods, voltage, and currentbased methods have been analyzed to find an ideal technique.
To reduce the operation and maintenance cost, predictive maintenance is need for a
period of time. Predictive models require detailed information or data about operating
conditions. In case of WTs, these data are available from the SCADA system. Research
on condition monitoring and failure detection using data from SCADA was reviewed
in [26]. The research under this topic is categorized into different approaches like trending,
clustering, normal behavior modeling, damage modeling, and alarm assessments. Various
methods under each of these approaches were reviewed, and these four categories were
summarized as follows. Trending approaches are found useful in anomaly detection but
trending-based CM sometimes results in false alarms and hence needs further improvement. The same problem is observed in clustering approaches, which differentiate between
normal operations and abnormal ones. To improve the clustering results, a large number
of failure data is essential. Normal behavior modeling using SCADA data was carried
out using polynomial regression, artificial neural networks (ANN), adaptive neuro-fuzzy
inference system (ANFIS), or nanoparticle surface-energy transfer (NSET), and these approaches provide better failure detection abilities. Damage modeling approaches focus on
physical reasons for failure and are found useful for CM. Feasibility analysis about the use
of these models for online monitoring in WTs represents a future trend.
The importance of reliability-centric maintenance is highlighted in the literature of
CM in WTs. Different review works on CM covered different aspects of CM. However,
a review in [27] presented technical and economic challenges that are faced by WT condition
monitoring technology. Among various challenges reviewed in [27], a few of them were
vibration and oil analysis, cost-effective and accurate CM of offshore WTs, and higher
repair and replacement O&M costs. A few future directions were also listed.
CM using machine learning (ML) models is a recent trend in WTs. A review of CM of
fault detection of turbine blades, fluctuations in power curves, and temperature variations
in generators using ML models was presented in [28]. Data related to these scenarios are
either collected from SCADA or simulated. The data can be images or audio signals in the
case of faulty blades. The ML-driven CM approaches reviewed in [28] were categorized
into classification and regression methods. Classification methods like neural network
(NN), support vector machine (SVM), and decision tree share a major stack of ML-based
CM methods. The lack of large-sized public data sets is the main issue in the development
of new algorithms.

Energies 2021, 14, 2041

8 of 30

Every living and nonliving thing has a lifetime; so does a WT. Hence, the maintenance
and lifetime extension decisions are challenging aspects of onshore WTs. A review of
various strategies for extension of the lifetime of onshore WTs without compromising safety
standards was presented in [29]. The review was limited to onshore WTs in Germany, Spain,
Denmark, and the UK. This review covered various dimensions of lifetime extension like
structural integrity, decisions about aging assets, and decommissioning of turbines. Along
with the technical details like scientific literature, standards, and guidelines, the economic,
as well as the legal issues of this topic, are also discussed in this review. Different countries
practice different technical standards and market rules; hence, a country-wise comparison
of technical assessment and lifetime extension decision was also provided in [29].
In the case of RES using wind energy, the power extracted from the wind is denoted
by the turbine power. However, the wind power and turbine power are not exactly the
same and are related by the power coefficient (C p ). The power coefficient depends on the
tip speed ratio (λ) and blade attack angle of the turbine (β). The torque coefficient of the
turbine (Ct ) and the power coefficient are related by (1) [77].
C p = λCt

(1)

Generally, WT manufacturers provide the datasheet of the relation between C p and Ct .
The literature regarding this suggests that the power coefficient can be modeled by using
sinusoidal, exponential, and polynomial functions, and corresponding curves of Ct are
analyzed. A review of these mathematical models and related analysis of Ct ’s is presented
in [30]. In the case of the polynomial model, the effect of β on C p is ignored; i.e., it depends
only on speed. The analysis in [30] is useful when designing the emulators for the WTs.
The lifetime of offshore WTs is greatly affected by harsh environmental conditions.
Among various parts of WTs, electrical stators are also affected due to the marine environment. Humidity, salinity, and offshore water droplets are major reasons for deterioration of
the insulation of electrical stators of offshore WTs, which in turn result in early aging of
WTs. Thermal, mechanical, or chemical stresses and offshore environment are the main
reasons for partial discharge that further cause insulation aging. The effect of the offshore
environment parameters like humidity, salinity, and water droplets on the insulation system of electrical stators of offshore WTs was analyzed in [31,32]. The advantages and
challenges of offshore WTs in comparison with the onshore WTs were also discussed.
A review on reliability analysis in the wind energy system covering reliability models,
Bathtub curve, the role of health management systems, reliability testing protocols, designs
for liability estimation of structure components, and scale for severity classification was
presented in [33]. The objective of this reliability analysis is to achieve improvements in the
design of WT models. When it comes to the reliable operation of WTs, one needs to focus
on multiple factors such as system availability, fault analysis, and tolerance, downtime,
and maintenance cost. To solve system failure issues, the authors of ref. [33] used the
bathtub curve considering effects of weather conditions, operation and maintenance cost,
and grid and load variations. After a complete system reliability analysis, component-wise
reliability analysis was also suggested for further improvements.
A Darrieus WT, such as the one shown in Figure 4, is a vertical axis WT popularly
used at remote and domestic locations. The airfoil of these turbines has a large impact
on both the power coefficient and starting ability of the rotor. Although significantly less
research has been carried out on the airfoil of Darrieus wind rotors than in horizontal
axis WTs (HAWT), the review work in [34] provided various theoretical methods, design
processes, and their applicability. Design approaches in this area are classified as direct
and inverse. Direct approaches, i.e., momentum, vortex, and cascade, are discussed to
build the airfoil database and to improve the current progress. Based on the literature,
only momentum has been used for inverse design approaches. This review also provided
different design processes based on the panel and CFD methods mentioned earlier. Two
inverse approaches were also provided for future research in this area.

Energies 2021, 14, 2041

9 of 30

(a)

(b)

Figure 4. Darrieus WT: (a) Darrieus with “egg beater” design rotor, (b) H-shape blades Darrieus [78].

To increase wind power generation, the electrical distribution system also plays an
important role. In electrical conductors, the maximum allowable conductor temperature
resulting from the line current is represented by a line rating. In general, static line ratings
are used to define the limits of electric power transmission. However, in different weather
conditions, different line ratings are observed in the same electric network. Hence, in
varying weather conditions, a dynamic line rating (DLR) system, which estimates real-time
line ratings considering cooling effects, is essential. If a DLR system is considered, then the
higher transmission capacity is observed with higher wind speed. DLR allows monitoring
of real weather conditions and also calculates actual line capacity. Review work in [35]
describes the integration of DLR wind power systems over the past 30 years. It also presents
a few case studies and compars static and dynamic line ratings.
Wind speed is the driving force of the WT; the wind speed estimation and controlling
methods based on it are widely applied to WT systems. Traditionally, for wind speed
measurement, an anemometer is mounted at the top of the nacelle of a WT. However, it
does not provide accurate effective wind speed; hence it reduces system reliability. For the
WT system, accurate effective wind speed estimation is highly desirable. A comprehensive
review on the estimation of effective wind speed (EEWS) and related control techniques
are presented in [36]. Starting with various EEWS techniques and their classification, this
review also discusses the EEWS control strategies and related complexities. Apart from the
review, integral sliding mode control (ISMC) is proposed in [36], and its comparison with
existing techniques is also presented.
To satisfy large power requirements, the WTs in modern WFs are densely located.
In such farms, the wake of neighboring turbines reduces the average power per WTs.
It is important to analyze the effect of wake, fatigue and dense arrangement of WTs on
WF control. A comprehensive review of these control problems was presented in [37].
In this regard, active power maximization, following power reference for it, and fatigue
loading minimization were also discussed in [37]. Although the best method to handle
the wake behind a WT is yet to come, it can be controlled by derating and active yaw.
The distribution of power references proportional to the available power of each WT is
suggested. It was noted in [37] that the reduction in fatigue load while satisfying power
reference is still an open problem.
When WFs are connected to the grid, it is expected that the WT generators must
remain continuously connected to the grid even during grid faults. To satisfy this requirement, in some cases, WTs are connected through doubly fed induction generators (DFIG).
However, DFIGs affect the dynamics of the power system. A review of the impact of the
use of DFIG in WTs on the performance of power system dynamics was presented in [38].
The performance analysis in terms of frequency stability, transient stability, small-signal
stability, and voltage stability was also presented in this paper. Various control techniques
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use to provide support service, and their results and future directions were also presented
in [38].
Since DFIGs affect the power system dynamics, it is important to analyze the voltage
dips due to the DFIG in WTs. On one hand, these generators provide variable speed
operation but on the other hand, their use results in low-voltage ride-through (LVRT) that
limits the capabilities of WFs. However, as per grid code requirements, reactive power
should be available during the voltage dips by WTs, and active power should be generated
immediately after fault clearance. A review of improvement in LVRT in DFIG-based WTs,
modeling, and related analysis was presented in [39]. In the case of low voltage dips and
severe voltage dips, tuned controllers and protective hardware should be used, respectively.
It was observed in the review that hardware solutions are costlier than software solutions.
The use of a crowbar and a DC link chopper are some of the cost-effective hardware
solutions. It was suggested that, while designing new LVRT solutions, reactive and active
power requirements of grid codes should be considered.
Structural health monitoring systems monitor the parts of WTs that are most susceptible to be damaged. Turbine blades are among them. Full-scale structural testing
is performed as part of a blade certification process. Specifically, non-destructive testing (NDT) techniques are widely used for SHM in WTs. Review work on the full-scale
structural testing along with static testing and fatigue testing was carried out in [40]. It
also included failure mechanisms of WT blades as well as strengths and weaknesses of
NDT methods for SHM. The use of digital image processing for SHM of WT blades is a
recent trend.
The working environment of WTs is very complex. It involves condition monitoring of
WT blades for damage detection, data collection from SCADA systems, structural analysis,
and health monitoring of various components of WTs and fault diagnosis. To improve
the overall performance of the system and the outcome, it is important to develop new
algorithms and techniques in all possible areas. For the profitability of the wind energy
industry, the following future dimensions are necessary for WTCM systems. It is necessary
to develop a robust prognostic technique. To further improve the reliability and flexibility
of automatic WT monitoring and control tools, improvements in the use of SCADA are
essential [71]. WT damage detection generally fails due to the inappropriate placement of
sensors. Hence, further research is required to analyze the sensor position. Furthermore,
the incorporation of wireless transmission of signals from the WT blades is essential for the
improvement of their online damage detection [24]. To predict the health of the machine
components, collective research in signal processing algorithms and new feature extraction
schemes is required. It is also a need to explore machine learning and neural network
algorithms for condition monitoring and fault diagnosis of WTs [25].
4. Aerodynamics in WTs
Generally, most of the WF aerodynamics (WFA) simulations are performed on simple
engineering models (EM), which work on the general physics phenomenon and approximations and require pre-tuning with data from a wind tunnel. Although it provides accurate
results and faster response in the overview of WFA and energy production, it does not
provide any conclusions about other phenomena like wake meandering, the effect of atmospheric stratification on wake development, a turbine’s response to partial wake interaction
and yawed inflows, etc. or their relation with turbine loading. Mehta et al. [41] explored
various large eddy simulation (LES) contributions in research to understand and broaden
the knowledge of WFA to upgrade the engineering models, considering its application and
challenges. Data generated from the LES aerodynamic simulations can be used to tune
engineering models, and the implementing of the LES generated transfer functions can
improve the modeling of atmospheric stability, detailed wake-atmospheric boundary layer
(ABL) interactions especially on large WFs, and the effects of gusts. The authors suggested
that further research is essential in LES considering the important parameters to enhance

Energies 2021, 14, 2041

11 of 30

the existing approaches like sub-grid scales (SGS), SGS stress model (SSM), grids with less
efficiency and requires high computation.
A drastic increase in harvesting wind energy has drawn great attention of researchers
to the study of WF aerodynamics in order to optimize the performance and to increase the
aerodynamic efficiency. In [42], the author performed a short review on the current research
trends in vertical axis WTs (VAWT) aerodynamic optimization. Complex numerical models
and a wide range of wind tunnel measurements along with the improvement of the airfoil
design, blade pitch angle, and flow control helped in the optimization process to enhance
VAWT performance. Further investigation is required in the near future on the airfoil
design with CFD simulations and experiments, on the optimal dynamic pitching, and
application of flow control on VAWT by understanding its flow features.
Reyes et al. [30] reviewed the various mathematical models for WTs considering
the power coefficient and the torque coefficient. These coefficients are usually used to
analyze the WTs to obtain the relation between the wind power and power produced by
the turbine. In this paper, different methods are evaluated to find a generic mathematical
expression for each model, which are based on exponential, sinusoidal, and polynomial
functions. The review can be applied to build an emulator system for a WT to be used for
the evaluation of the performance of different WTs.
In [43], the authors reviewed computational and numerical methods as well as experimental procedures for the analysis of the aerodynamic performance in the HAWTs
considering the design of turbine blades and generators. Numerical computation methods
such as BEM and CFD were studied effectively, and field tests along with wind tunnel
experiments were also discussed to understand the aerodynamic performance of HAWT
blades. BEM uses 2D airfoil data to predict the aerodynamic characteristics, but it is not
always good for simulating load on the blade because of stalled and yawed rotor conditions. CFD technique helps understand characteristics and observation of flow field around
turbine blades whose accuracy depends on the turbulence model selection, and reliability
can be enhanced by grid-free analysis. Furthermore, the CFD-BEM hybrid method lowers
the computation and increases accuracy, but the power is overestimated and flow field
details are not properly elaborated for the number of blades. Study on unstable and 3D
aerodynamic characteristics of wind through the field tests assist in understanding turbine
wakes scenario, and torque calculated from wind tunnel measurements allow better HAWT
performance analysis. Finally, the authors concluded that in the future, there will be a
requirement for advanced numerical models and experimental techniques to understand
flow control, the wake of turbine blades, and the optimization of HAWTs’ design.
Chen et al. [34] presented different current research approaches in the design of the
airfoil for the Darrieus rotors in WTs and also discussed the application of their design
processes as the research is not enough in both depth and breadth. In this review, three
direct methods were studied in detail, i.e., one inverse method of airfoil design and two
inverse methods based on the literature review as shown in Figure 5. For reliable airfoil,
momentum, vortex, and cascade methods are better in response and more robust in nature
than the panel and CFD simulations. The direct panel method with the common process has
more accuracy and simplicity than CFD and vortex methods, but its computation is costlier
than that of the direct momentum method. The direct CFD method with the common
process is more popular, as it can predict the CP and complete flow information, whereas
computation cost is maximum over other direct methods. The inverse momentum method
has enormous and untapped potential in the inverse approach. Moreover, the author also
proposed inverse approaches based on panel and CDF methods for future research.
To generate more power even in unfavorable conditions, small WTs that fall under
Reynolds number 500,000 are being installed which are similar in the operation to large
HAWT, and hence their optimal design geometry affects overall performance. In [44],
the authors reviewed the various techniques used for aerodynamic performance improvement of the WTs through optimization of the blade geometry. The review showed that the
optimization of the blade profiles and airfoil geometry results in a high power coefficient
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in small WTs. The authors discussed the effect of pitch angle and chord-twist distribution
on the starting performance and SWT rotor performance, respectively. It was concluded
that the modifications in the airfoil’s trailing edge, camber line, and thickness resulted
in the reduction of noise in the rotor blade, starting characteristics, and lift-drag ratios of
the airfoil.

Based on Momentum, Vortex, Cascade

Inverse approach

Based on Panel method

Based on CFD method
Design approaches
for
Darrieus rotor airfoil
Based on Momentum, Vortex, Cascade

Direct approach

Based on Panel method

Based on CFD method

Figure 5. Summary of the design method for Darrieus rotor’s airfoil [34].

Aerodynamics performance analysis of the WT plays an important role in the optimization of the energy production in the WFs. Jesse and Hesheng [45] explored the present
models and methods available in the literature to simulate the aerodynamics behavior
of the WT, especially considering the hybrid RANS-LES methods (HRLM). The models
covered in this review are shown in Figure 6, with considerations of different levels of
complexity and fidelity. At first, the Reynolds-Averaged Navier Stokes (RANS) methods
were discussed in detail followed by the widely available momentum and potential flow
methods. RANS methods are best suited for huge data integration but are unable to represent flow features like separation and vortex shedding. Momentum methods require highly
reliable airfoil data for simulation and the LES method requires huge computation capacity,
while potential flow methods are unable to investigate the viscous effect. Furthermore,
the authors discussed the HRLM, which overcomes the drawbacks of available techniques
by accurate and reliable aerodynamic simulation along with its applications in complex
wind flow conditions. The unsteadiness of flow can be efficiently predicted by the HRLM
method, which is its great advantage over other methods. Further research is required to
promote the development and implementation of the HRLM method to understand the
complexity in the flow around the turbine blade.
As compared to the traditional HAWTs, H-Darrieus vertical WTs are small machines
widely used in the environment of unstable wind direction. A deep knowledge of the
complex aerodynamics associated with these turbines is required to be gathered to increase
the efficiency and get a better understanding of the system. Du et al. [46] reviewed the
current research in the design of the H-Darrieus turbines, as shown in Figure 7, concerning
parameters such as turbine solidity, blade profile, flow curvature effects, and pitch angle,
and also summarized the different aspects, approaches, and tools for the design of the
turbine. The paper first discussed the analytical approaches for turbine design such as
momentum, vortex, and cascade-based models, even though they are simpler for modeling.
An airfoil database is a prerequisite, and more modifications are also required. CFD is the
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most promising technology that presents different turbulence models such as suspended
sediment transport (SST) and LES for simulation. Among them, LES is the best one,
but a huge amount of computation makes it less preferable. Moreover, experimental
measurements are not only helpful in the validation of numerical methods using the
generated data, but also in understanding the characteristics of the flow around the turbine
with recent advances helping in visualizing the flow field and pressure. Future study
involves modification of leading edges of the blade, development of 3D LES models,
and high-frequency real-time data capture.
LES
Embedded LES
Higher

CFD

Hybrid RANS-LES

DES/DDES/IDDES model

Higher

SST SAM model
SST k-w model
RANS

Modified k-E models
Spalart Allmaras model

Fidelity
Free wake
Wake analysis
Prescribed wake
Medium

Vortex
model

Panel method
Blade Aerodynamics

Lifting Surface Theory

Lower

Lifting Line Theory
Lower

Blade Element
Momentum
(BEM)

Figure 6. The WT aerodynamic models with their complexity and fidelity discussed in [45].

To improve aerodynamic performance, future research should focus on developing
new techniques for the flow control across WT blades. It is also important to focus on
numerical techniques to understand the wind flow in the wake of WT blades [66]. In
energy harvesting using aerodynamically fluttered wind, further research involves finding a universally accepted metric to measure the efficiency of the system and to study
the effects of outdoor conditions such as highly variable and turbulent wind flow [1].
The latest optimized airfoil designs for the VAWTs must be investigated for testing their
improvement using high-fidelity CFD simulations and wind tunnel experiments. Since
the pitch angle optimization and flow control around airfoil results in the improvement
of VAWTs performance, further research should investigate dynamic blade pitching and
flow control methods to analyze tip shapes, control mechanisms, and vortex generators,
and the flow structures on the surface of the blades. Study of flow in the wake of WT blades
associated with atmospheric turbulence is required for the development of innovative
numerical models to optimize the HAWTs design [42,43]. Furthermore, the development
of advanced techniques is required to visualize the realistic flow behavior on the surface
of WT blades [43]. Blades with upgraded leading edges need to be studied to test turbine
performance and alter the configurations of the blades by understanding the flow physics.
Advanced 3D models should be used to further explore the turbine transient self-starting
process and to observe the difference between experimental measurement and 2D simulations. Aerodynamic interactions between arrays of WTs should be examined with CFD
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techniques. Lastly, high-frequency and real-time data should be obtained to understand
the flow physics of rotating machines [46].

Figure 7. H-Darrieus turbine with hybrid rotor configuration [78].

5. WT Power Curves
WT power curves (WTPC) give the relation between the wind speed based on the area
swept by the blades of a WT and the electrical power injected into the network [79,80].
Carrillo et al. [47] analyzed the most common equations such as polynomial, exponential, cubic, and approximate cubic used to model variable speed WTPC. They evaluated the
performance of the models based on these equations on data available from 200 commercial
variable-speed WTs. Considering the coefficient of determination and the error in energy
density as evaluation parameters, they found that the models based on the exponential
and cubic equations performed better.
Lydia et al. [48] presented a comprehensive overview of the need for WTPC modeling
and the various methods used to model WTPC. They also presented various parametric and
non-parametric methods already employed to model wind turbine power curves. Different
performance parameters to measure the accuracy of these models were also included in
the paper. They also identified some future areas of research to transform the stochastic
WF into a reliable wind power plant.
Goudarzi et al. [49] performed a comparative analysis on various parametric and
non-parametric methods to model WTPC considering three commercial WTs: 330, 800,
and 900 kW. Using normalized root mean square error (NRMSE) and R-square (R2 ), they
evaluated the accuracy of various existing mathematical models and then selected the most
accurate model. To improve the accuracy of this model, they applied a GA to optimize
the coefficients. Performance of both the optimized model and the non-optimized model
was compared with the WTPC modeled using the curve fitting feature of an artificial
neural network (ANN). It was observed that the ANN model performed better than all
other techniques.
Sohini et al. [50] reviewed various wind speed modeling methods considering studies
based on both parametric and nonparametric methods. It was observed that among the
nonparametric methods, (ANN, clustering, data mining, ANFIS, and copula models),
ANN and ANFIS methods performed better, especially in predicting output power and
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in online monitoring applications. Based on the literature review, they reported that
efficient modeling of WTPC involves the selection of suitable models, appropriate solution
techniques, and application-specific algorithms. Efficient modeling of WTPC in this manner
leads to the development of a reliable and efficient wind-energy-based power system.
Costs involved in the integration of wind power into the electric grid may likely reduce
by the proper understanding of the relationship between wind speed and its variability.
Based on the data from three planetary locations, Bandi and Apt [51] found that the
standard deviation of the wind speed (σv ) varies systematically with the mean wind speed
v, but in some instances, it follows a scaling of the form σv = C · vα , where C is a constant
and α is a fractional power. The factor α varies with location due to the influence of local
environmental conditions on the variability of wind speed. They proposed that, in order to
reduce the uncertainty of wind power forecast, WT operators need to perform recalibration
of their WTPC post-installation at the site to accurately account for wind speed variability.
Ouyang et al. [52] proposed a model for WTPC based on data partitioning and data
mining. In this study, a support vector machine algorithm was used to build the power
curve models. The performance of this model was tested using industrial wind data, and it
was observed that among the various data partitions, 20 data partitions resulted in the best
performance. The performance of the model with 20 data partitions was compared with
the models in the literature, and this study proved that the proposed model showed better
performance at a low computational cost.
Logistic functions are used to model the WTPC. Villanueva and Feijóo [53] presented
the most commonly used logistic functions, and a comparative analysis was performed
based on mean absolute percentage error of different logistic functions beginning with
three-parameter logistic functions up to six-parameter logistic functions. It was reported
that the five parameters and three-parameter logistic functions can be considered effective
to model WTPC.
Astolfi et al. [54] proposed some WTPC upgrades in the real environment based on
the operational data analysis. They considered test cases such as adjustment of pitch
angle near the cut-in to get improved startup, retrofitting of the aerodynamic blade using
vortex generators and passive flow control devices, and power curve extension using a
soft cut-out strategy for very high wind speed. In this study, they formulated suitable
data-driven models understanding the criticality of each test case and employed these
models to estimate the improvement of energy for each of the upgrades under investigation.
This study revealed that considering the complex WC through the power curve upgrades,
the improvement in the estimated energy produced was significant compared to the
estimated energy under the assumption of ideal WC. The extended case studies for this
review article are further discussed in [81].
Manufacturer-supplied power curves are turbine-specific, and they show the behavior
of the turbine under standard test conditions. These models can be applied on single
turbines working under sites of steady winds. Improved models are required to represent
the condition of large WFs with a group of turbines installed and also for sights with
complex terrains. Lydia et al. [48] identified some future areas of research to transform
the stochastic WF into a reliable wind power plant. In the future, the research shall focus
on the development of accurate WTPC models considering that all the factors affecting
the wind energy conversion in the wind energy systems are needed.Variations in the wind
power output need to be estimated accurately to enable the utility companies to establish
efficient distributed wind generation systems and also to deploy smart grid systems. These
accurate models will empower the monitoring, control, and optimization of WFs. Along
with making the historical datasets at different sites publicly available to the researchers
working in this area and providing better facilities for calibration, measurement and
instrumentation may assist in the development of these accurate models. Another major
challenge in the wind power industry is the development of site-specific WTPC models
for offshore sites. If developed, these models will pave the way for improved WF power
forecasting and enhance the monitoring process and maintenance of WTs. As mentioned
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in the review paper by Sohini et al. [50], various methods to quantify the power curve
deviations from the expected values for the identification of faults in WTs need to be
explored. As pointed out by Liu et al. [82], there is a need for algorithms to simulate
the dynamic behavior of floating WTs, especially algorithms to numerically simulate the
aerodynamics of long soft leaves and tall towers. In the future, researchers should focus on
the development of refined algorithms to numerically simulate the aero-hydrodynamics of
semi-submersible foundation. The heavy computational requirement of these simulation
models can be controlled through some optimization methods, and the choice of proper
optimization technique needs further investigation.
6. WT Blades
To protect the leading edge of WT blades from erosion, they are generally covered with
an elastomeric coating. However, such an erosion resistance coating does not guarantee
long-term protection. Review work in [55] summarized erosion modeling methods and
also discussed erosion model blocks that are experimentally validated and used to predict
the life of the leading edge of coated WT blades. Future trends and the role of filters in
coating development are also highlighted.
HAWTs are the basic and most popular devices installed in WFs. The basic structure
and major components of the HAWT are shown in Figure 8. To improve the performance
of HAWTs, the evaluation of their aerodynamic performance is important. This includes
analysis of wind speed, rotational speed, and tip speed ratios (TSRs). A review of evaluation
methods used for measurement of the aerodynamic performance was presented in [43].
Numerical and experimental methods were applied for this analysis. Classical BEM theory
and CFD comes under numerical methods, and mixed as well as individual approacesh
were examined for optimal performance. Experimental methods include analysis of field
testing and wind tunnel, and blockage effects. A comparison of both numerical and
experimental methods was also provided in [43].

Rotor
Blade
Drive train: Gear box
Pitch control
system
Hub

Generator
Nacelle

Tower

Control room:
Control system

Foundation

Figure 8. Basic structure and major components of the horizontal axis WT (HAWT) [43].

The blade profile and the airfoil geometry are important parameters of small WTs.
If these parameters of WT blades are optimized, then a larger amount of power can be

Energies 2021, 14, 2041

17 of 30

generated. A review of optimization processes of these two parameters that work at
Reynolds numbers less than 500,000 was presented in [56].
As per the studies, the amount of energy obtained from the WTs is mostly affected by
the design of the blades, and hence there is a need to understand the effect of the physical,
geometric, and aerodynamic characteristics of the blades on the overall performance of the
system. Different models, schemes, tools, and experiments that are currently available for
the estimation of WT effectivity were discussed in [57], with more emphasis given on the
recent practices in the design of the turbine blades. The paper shed light on the experimental
and numerical methodologies of blade design, active and passive techniques to increase
output power, and cut-in speed-limiting techniques for enhanced WT performance. First,
the ongoing research and development are explored in a nutshell, followed by WT basic
and types, effects of wind flow around airfoil on performance, approaches in the design
of WTs and their performance measurement along with optimization techniques, which
were discussed in depth. Furthermore, some helpful concepts in the design of WTs like
dynamic mitigation of loads, flow separation techniques, stall control, starting behavior of
WTs, and blade materials are also investigated.
When large-sized WT blades are used, structural stability and failure mechanisms are
major concerns. Hence, large-scale structural testing and the development of robust failure
detection algorithms are two future aspects of WT blades [40]. To protect WT blades, it is
desirable to develop coating surfaces that reduce the pressure and have a low modulus of
elasticity [55].
7. Wake Modeling in WFs
To satisfy the increasing demand of renewable energy, a cluster of WTs is formed in a
WF. As the number of WTs increases, optimum space utilization and energy maximization
is one of the main tasks of WFs. The efficiency of a WF depends on the layout or spacing
between the WTs. A WT extracts wind’s kinetic energy and converts it into mechanical
energy. During this process, the WT reduces the wind speed behind the rotor, which
creates a wind shadow or wakes effect, as shown in Figure 9. Due to the wake effect,
the downstream WTs receive wind with lower speed and higher turbulence level, which
reduces the energy yield [83]. In Figure 10, uo is the direction of wind, T1 to T7 are WT
locations, and it is clear that the downstream WTs receive modified wind; hence, it affects
the energy yield. The wake effect reduces overall wind power generation, and hence, it
is important to analyze the effect. To control wake shadow and increase the WF output,
wake models were developed in the literature. These models are categorized as analytical
and computational wake models. The wind velocity in the wake is modeled using a set of
analytical expressions in the analytical models. Fluid flow equations are solved for wake
velocity in computational wake models [73]. The parameters that influence the wake effect
are WF size and layout, number and size of WTs, wind speed and direction, and turbine
blade design [84]. General impacts of the wake generated by WTs are a mechanical failure,
extra maintenance cost, and reduction in power. In this context, several studies have been
conducted that describe the wake effect, related parameters, and approaches to increase
efficiency and energy production of WTs.
Energy production in WFs can be maximized by designing a suitable wake model
that plans control strategies and turbine spacing and predicts the fatigue load and turbine
performance. The Technical University of Denmark has developed six wake modeling
approaches. They were reviewed in [74]. Each model has a different complexity level,
and they were compared in [74] using common data from Sexbierum (onshore) and the
Lillgrund (offshore) WF. The data from both farms were analyzed, and it was shown that
three wake models, i.e., the Jensen model, the Larsen model, and Fuga, are robust and
computationally efficient and hence are suitable for large WFs. It was also concluded that
the power prediction accuracy of these three models for offshore farms increases with the
introduction of wind direction uncertainty.
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Figure 9. The velocity profile behind WT [85].

Figure 10. Wake effect in a wind farm (WF) [73].

Review work on the analysis of wake effect level segmentation on the using clustering
methods was reported in [75]. Well-known clustering methods such as K-means, Kmedoids and fuzzy c-means were used in this analysis. These clustering methods are used
to segment the wake effect level into ten different wake effect clusters. Each cluster or
wake effect level corresponds to a different energy production level. It was shown that
the K-medoids algorithm is more suitable for wake effect level segmentation than other
clustering methods.
It is important to understand that improper layout incurs wake losses and also reduces the farm’s power production. WF layout optimization (WFLO) analyses the effect of
change of WT positions on the power production and suggests an optimal layout. Review
work in [73] compared far wake models and reported analyses of Jensen’s far wake model
for different optimization techniques. It has been observed that due to simplicity and
a high degree of accuracy, Jensen’s far wake model is more suitable for wake modeling.
The WFLO is an optimization problem with various financial and engineering objectives
and constraints that provides the layout design. Based on the characteristics of the problem and the number of constraints, the WFLO is an NP-hard problem [86,87] and it tries
to balance a trade-off between farm layout and energy production. The analysis in [73]
suggested that non-uniform layout designs are suitable as they produce more energy compared to uniform ones. Similarly, optimum spacing between WTs (for example, Figure 11)
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is a crucial parameter to reduce the impact of wake effect on wind power generation as
discussed in [76].
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Figure 11. Optimum spacing between WTs for a WF as suggested in [76].

Incorporation of wind direction uncertainty in the prediction models comprises the
future scope of wake modeling. The performance of wake models can be improved by the
introduction of large-sized data and data related to the inflow [74].
8. WT Control
As the contribution of wind power in the energy market is growing, there is a requirement of maintaining a constant output electrical frequency to have regulated supply like
conventional generating units for stable operation. Castellani et al. [58] focused on the
review of the requirements set by grid codes according to the different countries, and also
on control methods of WTs for their participation in primary frequency control and synthetic inertia. The current grid in European countries like UK and Ireland considers the
primary frequency control strategy. They require WT not to draw maximum power from
wind and instead to operate WTs to ramp up or down the output in the event of frequency
fluctuation, while German grid just reduces the power injection in WTs in the case of excess
frequency. The paper concluded that two methods of reloading WTs, viz. pitching and an
overspeeding, best fit in achieving non-optimal working point concerning power extraction
from the wind. The current schemes are best suited for low as well as high wind speed,
but still, further research is required considering the additional stresses on the system
components. Further, ref. [59] reviewed several inertia and frequency control techniques
proposed for variable speed WTs and solar PV generators.
In recent years, power systems have been becoming more dynamic with the integration
of wind power, and it demands modification in the conventional control algorithms.
A small amount of inertia is offered by the renewable energy power plants connected to the
grids through the power electronics interface. As the inertia depends on the total rotating
masses connected to the grid, the advanced power system needs spinning reserves for
compensation of inertia to maintain system stability. Various concepts in inertia control,
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their evolution with years, and damping values were investigated in detail in [60], along
with the RES frequency control strategies. Traditional generation systems of different
countries and regions were also studied for their inertia constant values according to the
technology and power rating.
WTs are normally connected to the main power grid to utilize the available wind
energy to the maximum level but provide less or no inertia as they are electromagnetically
decoupled from the remaining power system, unlike traditional synchronous generators,
which work in synchronization to grids. Inertia control is helpful against the power
imbalance in odd events like generator failure, or load connection, and hence provides a
system with higher stability. Such odd events also result in the fluctuation in the frequency;
thus, inertia control is of utmost importance. In [61], the authors discussed the latest
strategies and research done in recent years on the frequency control mechanisms used
in the wind power integrated systems. Studies show that most of the strategies work
on WT’s operating point, and they generally come under the primary frequency control.
The frequency control mechanisms are divided into two categories, viz. the temporary and
persistent energy reserves, where temporary energy reserves deal with releasing kinetic
energy instantaneously from the rotating masses at the optimal operating point, whereas
persistent deals with de-loading control at the suboptimal operating point. The temporary
scheme involves strategies like synthetic inertia control, droop control, and fast energy
reserve control, and the persistent scheme involves pitch angle and rotor speed control.
Moreover, the paper shed light on the merits and demerits of the existing frequency control
approaches, secondary frequency dips control, and control schemes in inertia energy
systems (IESs). As the WTs cannot compensate the frequency at low wind speed, in this
case, battery storage systems integrated with wind power along with frequency control
strategies can be a great alternative in blackout caused by frequency events. More attention
ought to be paid to enhance the current frequency control strategies and their performance
in non-ideal conditions.
Fault detection is another crucial application that can be categorized into the WT
control if it is detected through some controlling actions. Kamel [62] presented a survey
about FRT techniques and controllers that employed all wind generation systems running
in an isolated micro-grid and studied its effects of fault type on their performance. In
addition, Moghadasi et al. [63] presented a comprehensive review of various techniques
employed to enhance the LVRT capability of the fixed-speed induction generators (FSIGs)based WTs, which has a non-negligible 20% contribution of the existing wind energy in the
world. A similar review and comparison of several LVRT capability enhancement methods
were performed in [64].
An efficient and economical WT system is desirable for the WF owner, and it can
be realized with advanced control techniques. The widespread application of power
from renewable fuel wind demands further technological development in the control
methods for improvement in the design. Menezes et al. [88] have discussed various WT
control strategies in the literature that involve WT generator torque control and Maximum
Power Point Tracking (MPPT) strategies, pitch control, and grid integration control so that
researchers can consider it as starting point for further study. The paper begins with a
description of the control objectives to determine the moment of operation of different
control methods for different operational regions based on the wind speed in that region.
To maximize power production, generator torque control sets specific rotor speed, and for
this, different MPPT strategies are utilized. There are various MMPT strategies discussed
such as optimal torque control (OTC), which works on quadratic law based on rotor speed;
power signal feedback (PSF), using power closed-loop control; Hill-climb search (HCS),
which works on the iterative approach between speed and power and requires very low
knowledge of WT’s characteristics; and latest robust and non-linear Sliding mode control
(SMC) method, to maximize energy capture. Following this, pitch control methods are
explored in the next section, which supports the improvement of aerodynamic efficiency
by changing the pitch angle of WT’s blades to have effective wind flow. The collective
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pitch control (CPC) method relies on the PID (proportional-integral-derivative) control
law, with rotor speed variation being the error signal for the closed-loop control, and the
individual pitch control (IPC) method aims to adjust the pitch angle for blade root moment
or damping structural modes reduction. In addition to that, grid integration control is
briefly discussed, which is responsible for maintaining power quality and system stability
for better frequency regulation, which depends on the nature of wind. Finally, recent
development like LIDAR technology, Model Predictive Control (MPC), and applications of
the smart rotor in WT control are investigated for their use in the sustainable energy future.
The growing demand for wind energy has resulted in the scaling up in the size and
power rating of turbines. Due to this increase in size, there is also an increase in the
structural load on the turbine components, which can cause early failure. On the other
hand, the production cost of the energy should be such that it acts as competitive to
other energy sources. Operating the WTs at optimum efficiency in a low load regime,
providing less damage to the system and rated value generation in high wind regime,
can achieve both the above objectives. State-of-the-art multi-objective control schemes
are elaborated in [14] in order to perform reliable as well as efficient operation of WTs.
First, standard control techniques such as generator torque control and collective pitch
angle are discussed in detail. The generator torque control works at optimum power
efficiency by tracking wind speed to accelerate or decelerate the rotors to maximize power
production. The collective pitch control method regulates the generated power around
rated value to avoid structural loads. Furthermore, innovative and advanced control
techniques in the literature have been explored to overcome the demerits of standard
control methods, which involve control methods to perform power/speed regulation and
load mitigation, such as classical methods, disturbance observer-based controllers, multivariant robust control, multi-objective, and model predictive approaches. The paper further
investigates control methods to optimize the power production at low wind speed regions,
load reduction controls to minimize the vibrational stress on the system, and emerging
trends, development, and social issues affecting the control of WTs.
Simley et al. [89] shed light on the optimization of LIDARs for application in wind
control along with results of the workshop considering theoretical as well as the practical
aspects. Starting with barriers in the use of LIDAR for control, taking into account their
reliability and availability, the paper talks about the mitigation techniques to remove those
barriers. Next, the LIDAR scan pattern optimization is performed to calculate the mean
square error between effective rotor speed wind of interest and the measurements using
different frequency-domain methods, which are based on the model of the stochastic wind
field. These methods are also applied to the scan patterns of continuous wave and pulse
Doppler for optimization purposes. The paper further overviews different useful design
choices of rotor speed regulation based on the LIDAR-assisted pitch controllers. In the end,
the theoretical performance of rotor speed regulation that is predicted by the frequency
domain model is obtained using the LIDAR-assisted control mechanism via time-domain
simulations on the optimized scan pattern measurements.
Future research in WT control can be focused on considering the effects of the fatigue
life of WT components on power performance. Since the electric frequency from the power
system generators tells about the health and stability of the system, there is a need to
develop new and better standards for the efficient measurement of stability. The nextgeneration of grid-forming inverters should be developed, which will take into account
the compatibility of existing as well as future power systems and operability. The modern
power system should consider the development of advanced communication systems
to monitor, control, and protect system components and improve the system operation
by pointing out the malfunction, by using faster communication. The development of
new wide-area frequency control techniques to handle frequency response of low inertia
systems along with the improvement of the technical capabilities and interfaces containing
protocols for communication and micro-sitting configurations are needed. It is expected
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that future IESs will open mechanisms for supporting frequency stability and contributing
to challenges related to decreased/variable power system inertia [61].
9. Other Issues with WTs and WFs
9.1. WT Installations
In [65], a review of the installation process of gravity-based support structures for
offshore WT generators was performed. As per the authors, support structures and
foundations such as steel monopiles, gravity-based structures (GBS), jackets, and tripods
were considered of utmost importance for the development of future offshore WTs. Gravitybased structures for the installation of offshore WTs were proved to be the best solution,
but their use is still limited in most countries. The paper analyzed and identified the
different methods and processes for GBS support structures used in offshore WTs, such
as finding a suitable location for manufacturing and installation of support structures.
Usually, the manufacturing location is selected on the basis of the weight and number of
support structures, requirements for the load-out, transport and installation process, space
in the port, etc. Conventional GBS support structures require the seabed preparation for
the installation, which constitutes the main drawback of these structures, but it can be
overcome with skirted GBS support structures.
The technical issues and factors that should be considered during the design of the WFs
were discussed in [66]. The authors reviewed the different techniques for the installation
of WTs, which included the assessment of wind energy sources, environmental factors,
grid integration factors, and control strategies. The assessment of wind energy sources
selection involves the process of understanding the wind power potential, suitable site
selection, and estimating wind energy production. However, control strategies help in
the reduction of noise and vibration and capturing maximum power from the system.
The paper also discussed the impact of the behavior of offshore WTs on energy production,
hybrid energy technologies for the load requirement, hydrogen production techniques for
the world’s energy requirement, and feed-in tariff mechanism. Moreover, modeling of WT
components like generators reduces failure risk through smooth and reliable operation,
and also improves the performance of the system. The methods and discussion in this
review can help WT planners, designers, policymakers, and components manufacturers
improve the technology in the near future.
9.2. WT Life
Most WTs will complete their lifetime in the next few years, as 25 years is assumed to
be the basic service life; hence, it is necessary to extend their lifespan for efficient operation
and to have profitable investment from the electricity production. Luengo and Kolios [22]
reviewed the different failure mode identification methods and processes for offshore WTs
and end-of-life solutions to tackle the problem. To perform the failure mode identification,
the Ws system is broken down into main components like rotor and blades, gearbox, pitch
control system, generators, power electronics, towers, and foundations, after which inspection is done to find out any failures or faults in each components bearing their connection
with each other. The review also focused on the three end-of-life scenarios for offshore WTs
such as life extension, repowering, and decommissioning, which considers the quality of
inspection, current energy production, factors affecting the operation, and maintenance
cost of WTs to find an efficient solution. As per the author’s point of view, life extension is
the best solution for the end-of-life of WTs, as it offers more profit to the farm owner than
the other two end-of-life scenarios.
Reliability assessment of WTs is challenging as well as complex to perform due to the
inflexible components, dynamic characteristics, offshore site conditions, non-linearity in
the system, and absence of sufficient reliability data. Leimeister and Kolios [67] presented a
review as well as classification of different reliability-based methods for the analysis of risks
due to unreliability in engineering design and management of assets, and along with that,
their applications specifically in the offshore wind industry were also discussed in their
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paper. These methods were differentiated into the qualitative and quantitative categories as
well as in semi-quantitative in some cases, based on their utilization and commonly applied
theories. Moreover, qualitative and semi-quantitative reliability assessment methods are
classified into sheet-based, table-based, and diagrammatic approaches, including failure
mode analyses, tree, and diagrammatic analyses, and hazard analyses. In the same way,
the techniques in the quantitative assessment were clustered into analytical, stochastic,
multivariate, and some sophisticated methods. In addition to that, Bayesian methods,
reliability-based design optimization schemes, fuzzy logic, and data pooling strategies are
getting a higher place in reliability assessment of offshore and marine renewable energy
assets. Future research will have to involve the amalgamation of the different approaches
to building complex, flexible, and efficient tools for fully analyzing the offshore WT system.
9.3. WT Manufacturing
As a developing country, China is working on the production of a green, safe and
efficient energy system. The wind power industry is dynamically increasing due to its
advantages, and hence it demands the development of WT components manufacturing
industries. A detailed report of WT manufacturing was discussed in [68]. Further, in [69],
the authors discussed the spatial patterns and influencing factors of China’s WT manufacturing industry. China’s WT manufacturing is based on the complete “production,
marketing, transportation, installation, operation and management, maintenance and overhaul” industrial chain. The enterprises show a multi-point scattered spatial distribution,
even though they own many bases. To fill the gap between the transportation, industry
base, and manufacturing enterprises, different strategies are being employed in different
parts of China. According to the research, local equipment manufacturing firms have
established WT manufacturing companies in the same city, foreign companies are located
in cities with strong manufacturing infrastructure, and subsidiary companies are located
near WFs. Finally, the authors concluded that the location of the manufacturing industry
depends on the availability of wind sources at that location, industrial base, local government support, subsidiaries, regional economic openness and market, and labor capabilities,
and to have sustainable development, companies need not invest blindly but look for
innovation in manufacturing.
9.4. CFD Simulation Techniques in WTs
Due to their simplicity of structure and small size, Darrieus VAWT demand is increasing in the urban environment to harvest the wind energy efficiently; further, VAWTs also
possess salient features such as wind direction independence, high wind withstand, no
yaw mechanism, less noise, low maintenance, and cost-effectiveness. Masoud et al. [71]
reviewed different CFD simulation techniques that have been employed in the recent
literature to modify and optimize blade profile and to enhance the performance of Darrieus
vertical axis WTs by considering points such as wake interaction, reduction of aerodynamic
noise, dynamic control of stall, and effects of fluctuating WCs. First, the paper presented the
guidelines and recommendations for accurate and reliable CFD simulations to model turbulence, to discretize the spatial and temporal domain, and to perform numerical schemes
and algorithms. Further, effects of the geometrical and operating parameters like tip speed
ratio, blade number, wind speed, and blade shapes are thoroughly elaborated along with
the applications of the CFDs in the VAWTs.
The wind energy trend is increasing rapidly due to the higher cost of energy from
fossil fuels and also advancement in the technology and manufacturing of WTs, along with
their security and environment-friendly aspects. Optimization and simulation methods
play a vital role in the improvement of WT systems and accurate prediction of wind
power. The paper [72] reviewed the available CFD technologies used for the simulation
of micro to small WTs as well as turbines in buildings and WFs. It also investigated the
limitations, issues, and future work in modeling wind energy systems. Over the years,
most of the numerical models have shown better and better aerodynamic performance
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prediction. Some of them are SST, k-epsilon, or Spalart–Allmaras models, LES, detached
eddy simulation (DES), and Reynolds Stress Transport models, but the computation cost
and complex nature make them unreliable. Small-scale WTs use BEM theory for the
design of blades and calculation of the forces acting on them. RANS models are widely
used for their simplicity and effectiveness in the performance estimation in WTs built
over the roof of buildings, but unsteady and transient simulations through RANS needs
further research. CFD methods are useful in predicting speed, turbulence, direction of the
wind, and effects of nearby structures on the performance of WTs built over buildings.
LES simulations are superior to the RANS in predicting flow around the buildings but
require high computation. However, integration of CFD methods with the experimental
measurement at field or tunnels shows a significant increase in the wind power assessment
in variant WCs. For large WFs, current approaches can capture sufficient wake width and
reduction in power production, while location assessment through them can be helpful for
the prediction of later behavior of WTs. CFD methods such as actuator line and actuator
disk are useful in determining the wake occurrence and interaction with complex terrain,
but their expensive computation inhibits their use in every situation. LES is preferable
for the wake interactions but is not useful in the layout optimization of WFs, and hence,
further research in layout optimization of the WF is required for the effective measurement
of turbulence intensity and velocity profiles over the large complex terrain. Future research
requires the reduction in computation resources, optimization in simulation methods,
and estimation of production in complex terrain.
9.5. Weibull Functions in the Wind Sector
The performance of the WTs and the estimated wind energy at specified locations
depends on the selection of wind speed distribution models. Wais [70] analyzed the application of two-parameter and three-parameter Weibull distribution models in estimating
the wind energy from the literature. Based on the analysis, it was reported that the twoparameter Weibull distribution, a widely used model in the wind energy industry, may
not be sufficient in all the cases to specify the wind energy distribution and in estimating
the available wind power. It was also observed that using the third parameter (location
parameter), the three-parameter Weibull distribution model (which takes into consideration
the frequency of null winds), found suitable in cases where there are high-frequency null
wind speeds in selecting the site for WT plant.
10. Discussion
A survey of literature regarding state-of-the-art reviews about different wind-energyrelated topics has been presented in this paper. The approach has not consisted of comparing results offered by different works, but simply searching in the literature, collecting
them, and explaining what the different authors who devoted their time to review different
topics have found out about the most interesting contributions until now.
With the aim of achieving the goal of the paper, a classification has been presented
about different topics. It has been conditioned by the kind of reviews found in the literature.
These main topics can be consulted in Table 1.
Research reviews have been found mainly about optimization of WT performance,
WT health and condition monitoring, WT aerodynamics, power curves and modeling
in WFs, control of WTs, WT manufacturing and life, CFD simulation tecnniques, and
Weibull distributions.
Wind energy is going to continue being very necessary. There does not seem to be any
future energy mix scenario across the world without considering its injection into electrical
power networks. This means its development is, for sure, very far from being finished
nowadays. New research will be carried out, and this will bring many new research papers
and, as a consequence, more specialized reviews.
What has been expressed in the previous paragraph also means that this paper is not
definitive; e.g., Table 1 is modifiable. Future similar publications should, on the one hand,
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deepen all subjects commented here, and on the other, surely add some other categories in
the classification, which means that Table 1 is not only modifiable, but also expandable in
number of subjects and papers.
Examples of subjects about which possible reviews can be done in the future are
the following:
•

•

•

•

•

•

Repowering of WFs. Many of the WFs around the world have finished their life or
are close to it. There are decisions to be made by the stakeholders with all these
infrastructures. One of the possibilities is repowering, and the different solutions
found will surely give rise to new review works.
WF power curves. Although some review works about WT power curves have been
discussed, there is an important topic to be researched, such as the topic of WF power
curves. WT power curves are generally obtained by manufacturers in laboratory
conditions. How they work in a WF is a different thing, and how the complete
WF operates is something that is investigated and will continue, as it depends on
many conditions.
New models of WTs. This line of investigation does not only refers to whether
horizontal or vertical WTs must be installed. Furthermore, the types of generators and
electronic devices included in their designs will evolve in the future and, surely, new
research works about all this will be published.
Energy storage. Wind energy is variable, as it depends on weather conditions, and it
cannot be directly stored. Therefore, works about how to store it are expected to
be developed. The possibility of combining pumping stations present in basins and
wind energy generation and the optimization of the operating conditions represent
interesting challenges.
Energy independency and WFs. For many countries, renewables and, in particular, wind energy, are undoubtedly an opportunity for reaching a higher degree of
energy independency. This has the potential to influence energy policies and even
international relationships. Perhaps this cannot be considered a technical topic, but its
importance will be investigated as well.
Energy and environment. Although wind energy is one of the so-called renewables, its
impact on environment is not null. It has its positive aspects and its supporters, but it
has also its detractors and possible negative points. How to balance them or how to
reinforce its positive contributions is something of extreme importance for the planet.
Surely, some discussion and research works will arise about this in upcoming years.
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Abbreviations
The following abbreviations are used in this manuscript:
R2
3D
ABL
ACO
AI
ANFIS
ANN
AWES
BEM
CAWT
CFD
CM
CMA-ES
CMS
CPC
DES
DFIG
DLR
EEWS
EM
EOL
FRT
FSIG
GA
GBA
GBS
HAWT
HCS
HRES
HRLM
IES
IPC
ISMC
LES
LVRT
MG
ML
MPC
MPPT
NDT
NN
NRMSE
NSET
O&M
OTC
PID
PSF
PSO
RANS
ROI
SA
SCADA
SGS
SHM

R-square
3 dimensional
atmospheric boundary layer
ant colony optimization
artificial intelligence
adaptive neuro-fuzzy inference system
artificial neural network
airborne wind energy system
blade element momentum
concentrator augmented wind turbines
computational fluid dynamic
condition monitoring
covariance matrix adaptation evolution strategy
condition monitoring systems
collective pitch control
detached eddy simulation
doubly fed induction generators
dynamic line rating
estimation of effective wind speed
engineering models
end of life
fault ride-through
fixed-speed induction generators
genetic algorithm
gradient-based approach
gravity-based structures
horizontal-axis wind turbines
hill climb search
hybrid renewable energy system
hybrid RANS-LES method
inertia energy system
Individual pitch control
integral sliding mode control
large eddy simulations
low voltage ride through
microgrid
machine learning
model Predictive Control
maximum Power Point Tracking
non-destructive testing
neural network
normalized root mean square error
anoparticle surface-energy transfer
observations and Measurements
optimal torque control
proportional integral-derivative
power signal feedback
particle swarm optimization
Reynolds-Averaged Navier Stokes
return on investment
simulated annealing
supervisory control and data acquisition
sub-grid scales
structural health monitoring
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SMC
SPEA
SSM
SST
SVM
TSR
VAWT
WEC
WF
WFA
WFLO
WT
WTPC

Sliding mode control
strength pareto evolutionary algorithm
SGS stress model
suspended sediment transport
support vector machine
tip speed ratio
vertical axis wind turbines
wind energy converters
wind farm
wind farm aerodynamics
wind farm layout optimization
Wind turbine
wind turbine power curves
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