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A Review of Intelligent Control Systems for Grid Tie Doubly Fed

Induction Generator Based Wind Farm

I. Hamdan*", Marwa M. M. Youssef , Omar Noureldeen*?

Abstract: This a review research focuses on various methods
used in intelligent control systems for grid tie doubly fed
induction generator (DFIG) Wind Farm. This paper reviews a
controller using fuzzy coordinated Pl suggested for improving
the dynamic performance of supercapacitor (SC) coupled to
DFIG through a buck-boost converter (DC-DC converter) during
disturbances in large scale wind farm. Also, this research reviews
a pitch angle control employed to regulate the angle of the wind
turbine (WT) blade during different wind speeds to control
power and operate WT safely. Implementation of artificial
intelligent control (fuzzy approach) on pitch angle replaces the
traditional control to enhance the system performance, fuzzy
approach is used to auto tuning the conventional control
parameters under various working conditions. Then, this paper
reviews a developed control technique using an interval type-2
fuzzy logic control (FLC) tuned PI for optimum torque
adjustment for WTs operated by DFIG. The suggested control
regulates the error of the mechanical rotor speed and generates
the optimum torque that achieves the maximum output power.
On basis of the results obtained from the literature available, the
integration of a SC to the dc-link of three-phase four-wire active
power filter (APF) is introduced by using interfaced three level
bidirectional buck-boost converter controlled by a fuzzy control
approach.

Keywords: Intelligent Control Systems; Wind Energy;
Power Electronic; Doubly-Fed Induction Generators;
Maximum Power Tracking.

1 Introduction

One of the most rapidly expanding renewable energy
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sources is the wind energy. The electricity generation
market is very interested in wind resources due to their
inherent benefit of low marginal costs. Over the previous
two decades, the installed capacity of wind power both
offshore and onshore has expanded by a factor of roughly
75. The wind speed does, however, have a built-in
variability that is related to mesoscale wind circulations as
well as regional characteristics like topographic
parameters like height, aspect, slope, surface quality, and
temperature difference near water bodies. As a result,
wind power exhibits a great deal of spatial and temporal
variability [1].

Since the strategies are adaptable enough to keep up with
developments and events, the renewable energy strategy
has been modified to target 20% of the total energy
produced in 2022 in light of the developments, events, and
political developments that Egypt has seen over the past
few years and their impact on the implementation of
renewable energy projects in particular [2]. Then, the
energy production sources in 2022 is illustrated in Fig. 1.
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Fig. 1 Energy production sources in 2022 [2]

The wind energy conversion system must be able to
harness as much energy from the wind as they can when it
is present in order to be a reliable alternative energy
source. Because of their unique aerodynamic profile, each
wind turbine (WT) has an own power characteristic.
According to the power characteristic, there must be a
certain efficient turbine rotational speed for each type of
wind that optimizes power absorption. There are numerous
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research studies that have presented different maximum
power point tracking (MPPT) algorithms [3].

Because of the rising use of wind energy, its low voltage
ride through (LVRT) capabilities is more important than
ever. Nowadays, experimental voltage sags of various
magnitudes and lengths are used to test the LVRT
capability of wind machines [4]. Additionally, according
to grid codes, WTs must remain connected to the grid
throughout a fault for the duration of the LVRT curve,
which changes from each country. Grid codes promote the
protection of WTs against grid faults and disruptions;
hence numerous techniques have been developed and
improved to meet LVRT standards. Energy storage
systems (ESS) are favored to be utilized as a protection
approach to retain energy during fault situation in an effort
to store energy loss rather than having it disperse. Pumped
water and compressed air are the most often utilized ESSs
for power grids because of their inexpensive capital costs,
although they are inefficient and sluggish to react.
Batteries and supercapacitors (SCs) are an effective way to
increase response and efficiency [5]. Because SC has a
longer lifespan than batteries, a wider temperature range, a
wider voltage range, higher efficiency, and a larger power
density than batteries, it is more useful in applications
requiring high power ratings.

Different designs and control techniques have been
researched from distinct viewpoints to improve the
co-operation efficiency of wind with ESS. Using
intelligent control techniques rather than traditional
control are the main focus of this thesis. The performance
of wind energy systems, control techniques, and fault
detection systems may be significantly impacted by the
uncertainties that are present during process operation if
they are not taken into account during design. Due of this,
scholars have given the issue of uncertainty quantification
increasing interest over the past few decades. Due to their
utility in representing a variety of processes as universal
approximators, researchers have concentrated on building
prediction intervals relying on the use of fuzzy systems
and neural networks [6].

One of the difficulties that faces the wind energy electric
systems is the nonlinear and unbalanced loads that damage
the electrical system and other connected devices by
drawing not only active current but also harmonic and
reactive current from the AC network. Reactive power
compensation and harmonic suppression have since drawn
interest and undergone extensive research. Active power
filters (APFs) are now one of the best instruments for
reducing harmonics, and with the right control, they can
also reduce reactive power usage.

2 Wind Energy Conversion Systems

Induction  generators  (IGs), permanent  magnet
synchronous generators (PMSG), and wound rotor

synchronous generators are the three main types of
commercially accessible WT generators today. The IGs
are appropriate for operating WTs since wind speed is an
uncontrollable natural property. The two most common
types of WTs utilized today are variable-speed WTs
(VSWT) with doubly fed IGs (DFIG) and fixed-speed
WTs (FSWT) with squirrel cage IGs. The DFIG for
VSWT concept offers the capability for regulating both
reactive and active power, which is a big benefit when it
comes to grid integration. The capabilities of DFIG WTs
to provide power at a fixed voltage and frequency during
fluctuations in the rotor speed are its key advantage. While
the rotor windings are coupled via a partial size
back-to-back converter, the stator windings are linked
directly to the electrical network. The back-to-back
converter is composed of a grid-side converter (GSC) and
a rotor-side converter (RSC) with a DC-link capacitor. The
electric configuration of the DFIG is illustrated in Fig. 2.
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Fig. 2 DFIG electric configuration

The relationship between wind speed (V) and the power
the turbine recovers from the kinetic energy of the wind
(Pn) is shown in the following equation [7]:

P, =0.5p7R 2\/W3C ; 1)

where R is the WT blade's length and C, is the power
coefficient represented by the tip speed ratio A, which is
determined by:

RO
A=t @
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where € is the angular rotational speed of turbine.
Theoretically, C, can have a maximum value of 0.593. The
recovered power is divided by the turbine's rotational
speed to calculate the rotor torque [7]:

n-Pn e ©
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The drive train can be described by a two-mass model
with soft connection between the two inertia portions,
which are represented by the damping and stiffness
coefficients (D and Kyy). J; is the masses inertia on the
turbine side whereas J, is the masses inertia on the
generator side. An expression for the dynamic equations is
as follows:

do ar
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where the variables T o, € o in the fast shaft represent
the turbine driving torque and rotational speed,
respectively. The friction coefficients D, and D,, for the
WT and machine are specified. The generator's driving
torque is Ten.

To create the DFIG mathematical dynamic model, voltage
and flux equations are reformed in direct and quadrature
(d-q) rotating frames as follows.
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where magnetic fluxes, current, voltage, and inductance
are represented by ¢, 7, ¥, and L. The mutual inductance is
represented by L, whereas the subscripts r and s refer to
the rotor and stator, respectively. The stator and rotor
windings' respective voltage angular frequencies are
denoted by the letters s and r, respectively.

3 Intelligent Control Techniques

The reality is that there are control problems nowadays
that cannot be articulated and studied using "normal (or
traditional) control" approaches that were created in
previous decades to regulate dynamical system. In recent
years, several techniques have been created that are

collectively known as "intelligent control" strategies in
order to solve these complicated difficulties in a
methodical manner. A category of intelligent control
techniques makes use of artificial intelligence numerical
methods such as neural networks, reinforcement learning,
fuzzy logic, machine learning, Bayesian probability,
genetic algorithms, and evolutionary computation.
Intelligent control is a computationally effective method
of guiding a complicated system toward a given objective
while operating under imperfect instructions, with
insufficient  representation, and in an uncertain
environment. Planning and online error correction are
generally combined in intelligent control, which also calls
for learning about the system and its surroundings. The
most significant point is that intelligent control typically
uses generalization, focused attention, and combinatorial
search as their major operator, which results in multiscale
design.

Adaptive fuzzy control (AFC) approach is one of the most
popular intelligent control methods used for wind energy
application. The adaptive law of the AFC approach was
created to reduce the tracking error to zero without taking
the modelling error into account. A function that converts
items in a domain of interest to the set's membership value
defines a fuzzy set (FS). An alternate method of
approaching a control or classification problem is offered
by fuzzy logic. Fuzzy logic control (FLC) is essentially a
multivalve logic that enables the definition of intermediate
values between traditional evaluations like one/zero,
true/false, etc. AFC scope of use is so broad that it may be
used to manage any kind of task, including managing the
tools and appliances we use every day. It eliminates the
need for numerous computations and processes, and
because the results are so precise, they can be used right
away to complete a task. Engineers and researchers are
very interested in fuzzy logic due to its effectiveness in a
variety of applications. Fuzzy logic offers a more effective
and creative approach to handling control systems. The
theory of sets is among the most significant mathematical
techniques. A group of items is fundamental to both
everyday life and mathematics. Set theory is viewed as a
tool for thinking. Sets are clarified groups of objects or
groups of similar objects. Two sorts of sets can be
distinguished by set theories: crisp set and FS. A
characteristic function pA(x) that equals zero or one
defines a classic or crisp set. A FS theory is a popular
theory that defines FSs. According to this idea, a FS is a
class of objects with a continuum of membership grades.
In contrast to a sudden change, the shift from membership
to non-membership in a subset of the reference set is
gradual [8].

The FSs, in which the uncertainty is addressed by defining
it with numbers, typically in range (0,1), can be used to
handle some of this uncertainty. Additionally, they are
highly helpful in absorbing uncertainties when
membership functions for a FS can be precisely specified
by a single numerical value. However, in more
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complicated circumstances, it can be very challenging to
determine the exact numerical value of an entity's
membership or to provide a specific membership value for
any ambiguous entity. Since the knowledge needed to
create the rules for fuzzy systems is unpredictable,
creating the rules is itself a challenging undertaking. As a
result, membership functions may also experience
uncertainty due to improperly formed fuzzy rules.
Therefore, it is safe to say that, despite type-1 fuzzy logic's
utility in some applications, there are many issues for
which type-1 is insufficient to attain the appropriate level
of accuracy or reliability. The necessity for various tools
and methodologies that can represent larger levels of
uncertainty results from this. A significant level of
modelling inaccuracy can be provided by type-2 fuzzy
logic, which is an expanded form or generalization of
type-1 fuzzy logic. Type-2 fuzzy logic may therefore
address linguistic-related uncertainties by accounting for
the unreliability and ambiguity of data [9].

4 Literature Survey

There have been numerous studies that have developed
and used the ESS with wind energy applications. In [10],
A multiple stage hybrid ESS wind farm dispatching
approach that is market-oriented is suggested. The first
stage ESS is intended to increase the profitability of wind
generation through day-ahead market operations, the
second stage ESS, which is based on real-time market
activity, is targeted at reducing day-ahead forecasting
errors and minimizing wind power fluctuation, and the
backup stage ESS is connected to them to offer ancillary
services. In [11], A direct control technique is suggested to
track the variance of the wind power plan in order to
enhance the overall economy of the wind-energy storage
power station. The control technique in this work may
alter the charge and discharge power of energy storage in
real-time according to the deviation of wind power and the
state of charge, in contrast to the conventional strategy for
mitigating wind power fluctuation. The research in [12]
suggests a coordinated operation method for microgrids
between a wind generator and a hybrid energy storage
(HES) system. Additionally, efforts have been made to
increase the capacity of the SC and provide high-quality
communication infrastructures with little delay in order to
enhance the microgrid's inertia reaction. The cost of the
installed SC and the quality of the communication services
are what this paper refers to as the operation cost. In [13],
Magnetic ESS with a superconducting fault current limiter
has been created. One superconducting coil is used to
smooth out wind power output and improve LVRT
capability of WTs. A wind farm in China's northwest has
installed and started using this developed technique. The
research in [14] examines the wind power's fluctuating
feature. Output is examined in the frequency and temporal

domains, and the fluctuation degree is extracted and
displayed as index of quantization (QI), the wind is based
on QI clustering. The worst-case scenario is the one with
the biggest power fluctuation. In [15] the joint planning
that takes into account the wind power installed capacity
and location, the transmission network expansion, and the
placing and sizing of ESS is taken into consideration in
order to increase the wind power accommodation and load
acceptance level. Additionally included are the
charging-discharging strategy of energy storage devices
and the generation-side operation process. In [16], authors
took into account three operational scenarios, calculated
the ESS sizes, and suggested the optimum one based on
operational costs. While Scenario 3 is a freestanding
microgrid supported by diesel generators, Scenarios 1 and
2 are grid-connected configurations. The ideal operation
cost of the microgrids is used to create the optimization
problem in each scenario. A novel converter system
appropriate for driving high-power medium-voltage WTs
is presented in [17]. It features a modular multilayer
structure and decentralized energy storage integration.
This converter has significant structural and control
features that make it simple to integrate an ESS, enabling
the WT to operate with great levels of flexibility. The
study in [18] investigates the dynamic and transient
performances of a battery ESS connected with the output
of a wind system. This article [19] examines how utility
grid operation can be improved by electric vehicles
integration strategies. The suggested analysis takes into
account the targeted energy storage devices put on utility
grids supplied by renewable energy. In order to
cost-effectively smooth wind power oscillations, the
research in [20] suggests a hybrid ESS sizing and control
method based on probabilistic forecasting. In a framework
of scenario-based stochastic programming, a day-ahead
scheduling model for IES with wind power and multiple
types of energy storage is proposed in [21]. In [22], This
study demonstrates how the wind farm layout determines
not only the total amount of energy captured but also the
degree of power fluctuation. This in turn influences the
amount of battery ESS capacity that is necessary to reduce
the natural power fluctuation of wind farms. Given that
the capacity of battery ESS and the amount of gathered
energy both directly affect the owner's profit. The studies
in [23-29] presents other techniques of ESS integrated
with wind energy.

The second topic discussed in this work is the pitch
control methods techniques. In [30], The systemic design
for a revolutionary tidal pitch system presented in this
work is based on a hydraulic servo and a bevel-geared
transmission. This system's triangular and compact
structural features make it simple to install in a small
turbine hub. In [31], The work's major objective is to put
forth an intelligent WT system control method that does
not require model identification. To achieve this, a unique
model-independent nonsingular terminal sliding-mode
control is created for non-linear WT pitch angle control. It
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combines the single input interval type-2 FLC with the
fundamental ideas of the ultra-local model. In [32], to deal
with the issues of high order nonlinearity, noise, and
friction interference when tracking the pitch angles of WT
hydraulic pitch systems, a unique finite-time command
filtered back stepping control algorithm is suggested. In
[33], VSWT systems operating in high-speed regions are
approached with the use of artificial intelligence and
intelligent control approaches. Utilizing an online data
stream, the real-time information of effective wind speed
is retrieved and predicted using support vector regression.
In [34], a back-propagation (BP) neural network and PID
neural network-based variable pitch controller is
developed. The BP neural network with self-learning and
weighting coefficient correction capabilities is utilized to
change the PID parameters online and further to obtain the
ideal combination of the PID parameters by real-time
detecting the deviation of the rotor speeds. In the research
[35] a reliable load mitigation method for individual WT
blade pitch angle adjustment in the presence of blade pitch
actuator faults is proposed. This method is referred to as
"fault-tolerant individual pitch control". The proposed
plan includes a system for defect detection and diagnosis
as well as a collective pitch control enhanced by an
individual pitch control. In [36], a robust adaptive
dynamic programming (ADP) WT controller is suggested
based on reinforcement learning and system state
information. The ADP algorithm, which combines the
Temporal-Difference algorithm and actor-critic structure,
can ensure that the rotor speed is stable around the rated
value, allowing for the real-time, online adjustment of the
wind energy utilization coefficient by altering the pitch
angle in high-wind areas. In [37], using neuro-estimators
of the effective wind, this work proposes a unique pitch
neuro-control  architecture. A lookup table, a
neuro-estimator, a virtual sensor, and PID controller make
up the control system. The neuro-estimator is utilized to
calculate the floating offshore WT's effective wind and
predict its future value. In [38], a small pitch-controlled
WT model with a 0.8 m rotor diameter was designed, built,
and tested in the wind tunnel for the current investigation.
A DC servomotor was employed as the actuator in a
linkage mechanism to control the pitch angle; this proved
to be effective and practical for small WTs, and it
performed flawlessly. In [39], analysis is done on the
performance of the S-wind-induced vertical axis WT's
rotation with various fixed pitching angles and blade
counts. In order to do this, both the starting stage and
stable rotation stage of the turbine have been examined,
and a numerical coupling model has been developed and
validated to simulate the interaction between the wind
flow and the induced turbine rotation. In [40], Based on
dynamic experimental data, this study determines the ideal
blade angle of attack in the upwind and downwind zones
with the goal of maximizing the tangential force
coefficient. The vertical axis WT's complicated flow
field's influence on the amplitude and direction of induced

velocity change. In [41], based on the WT's boundary
analysis, a hybrid fast frequency response optimized
power point tracking method and pitch angle control
technique is suggested to extend the service life of the
WT. The control approach can greatly lower the WT pitch
angle's adjustment frequency and range. The suggested
approach is tested in a micro-grid that combines modest
thermal and wind production sources. In [42], for pitch
angle management, a fractional order fuzzy-PID controller
is suggested in order to maintain the rated output power of
a 2 MW direct-drive wind energy system in dynamic wind
conditions. In contrast to existing methods, the research in
[43] suggests using a fuzzy based model-predictive
controller for pitch angle control to limit power output and
rotor speed to their rated values and minimize the loading
effect on WTs. When the non-linearity of the system is
encountered, the fuzzy logic controller functions
extremely well, and the model predictive controller aids in
making the system more reliable and effective. In [44], for
WT generator power variations, a new electro-hydraulic
servo pitch system is presented to improve pitch angle
control capabilities. The basic components of the pitch
system are a hydraulic motor, a variable-speed hydraulic
pump, and a pitch gear set. In [45], An adaptive
neuro-fuzzy inference system (ANFIS) type-2 structure
with unsupervised clustering is handled by passive
reinforcement learning solved by particle swarm
optimization (PSO) policy for managing the pitch angle of
a real WT. The rotor speed is kept at its rated value while
the output power is smoothed using the suggested control
technique, which is based on a gain-scheduled
reinforcement learning recurrent ANFIS type 2 pitch angle
controller. In [46], in order to maintain stable output
power and generator speed in the presence of turbulent
wind conditions, a unique L1 adaptive controller is created
for wind energy conversion systems (WECS) blade pitch
management. In [47], The purpose of this study is to
develop and use a pitch angle control method at the blade's
outer part using a distinct pitch control at the blade tip.
This article in [48] suggests a reliable analysis of the pitch
control system of large WTs with fractional order PID
controller and communication time delay. Pitch angle
control uses a fractional order PID controller. A real-time
feedback blade pitch control system is created in [49]
through an extensive aerodynamic analysis between the
performance of vertical-axis WTs and the blade pitch. This
system is based on the actual flow velocity around the
blade. Other pitch angle control techniques are developed
and presented in [50-56].

The third topic discussed in this work is the speed
regulation and optimum torque estimation techniques used
with WECS. There is a lot of published material in the
areas of optimal torque production and speed control. For
their simplicity, traditional controllers like PI, PD, and
PID control were used in early investigations. But due to
their restricted working range and high sensitivity to
changes in system parameters, these common controllers
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are unreliable for nonlinear complex systems. There have
been several nonlinear controllers presented, including
sliding mode control methods, passivity-based controllers,
linear averaged controllers, feedback linearizing
controllers, and others. The major challenges for these
techniques are the complexity of the system, the difficulty
of making accurate claims, and the difficulty of drawing
general conclusions about its behavior [57].

On the other hand, artificial intelligence techniques,
including FLC, are now widely used to address the robust
control of ambiguous, complex, and dynamic systems. A
key benefit of these controllers is that they do not require
any knowledge of the mathematical design model or
familiarity with the system issues. A variety of dynamic
uncertainties and non-linearity that appear in tracking
mistakes are represented by the interval type-2 adaptive
fuzzy approach, which is an enlarged version of type-1
fuzzy logic.

There are many studies on the subject of speed regulation
to create reference torque, for example: The maximum
power tracking approach is utilized to adapt an ideal rotor
speed reference based on PI controller in [58]. The
research in [59] evaluates the efficacy of two predictive
control systems for controlling the speed of 1Gs; one of
these controllers employs a finite control set-model
strategy, and the other employs a continuous control
set-model method in conjunction with space vector-pulse
width modulation.

In [60], a speed controller for WT based on DFIG is

suggested using the fuzzy approach with inputs of rotor
speed and wind speed, and the PSO algorithm is used to
fine-tune the controller settings. The study in [61] presents
a trustworthy control method for the WT's optimal torque
determination based on super-twisting technology (STW),
which is preferred over the conventional sliding mode
algorithm. The results are compared with PI controllers to
determine the effectiveness of the proposed control on
enhancing dynamic system performance.
According to [62], a robust, non-linear STW sliding mode
controller with fractional order computation is suggested
to control speed in order to generate reference torque. The
outcomes of this control are compared with PI control. In
[63], the authors offer a simple link weight modification
neural network controller for speed adjustment that takes
system parameter resilience into account. In [64], the
fuzzy PI approach is used to control speed, and the
scheme's outcomes are comparable to those of traditional
Pl control. In order to control PMSG, a brand-new
direct-speed control (DSC) prediction approach utilizing
the double-cost function with an altered duty ratio is
described in [65].

A fuzzy PI solution for speed control is presented by the
authors in [66] with a new switching function in a PMSG
to produce reference g-axis current equivalent to the best
torque. In [67], the rotor speed, which is calculated using a
model reference adaptive system, is altered to change the
optimum torque.

The use of APF topologies for harmonic suppression and
reactive power compensation constitutes the fourth topic
covered in this paper. Shunt APF, series APF, and hybrid
APF are different types of the topologies for APF that
have been presented in [68-73]. The voltage source
inverter (VSI) with a dc-link attached to a large
capacitor—which is exactly what the shunt APF is—is
said to be a tried-and-true technique for lowering the
current harmonics down to the recommended standards
constraints [74]. A unique control for a three-phase half
bridge interleaved buck shunt APF is discussed in study
[75]. A fractional-order sliding mode methodology based
on a double-hidden-layer recurrent neural network is
suggested in [76] for a single-phase shunt APF.

A novel artificial neural-network control for APF
employing the Genetic-Algorithm technique is suggested
by the research in [77]. The PI control settings are
modified for the DC-voltage regulation of the APF by
using an optimization technique. The authors of [78]
construct a universal APF using an adaptive filtering
method based on the least mean mixed-norm to effectively
remove reactive currents and harmonics. Recent works
have concentrated on changing the way that APF is used.
An improved modulated carrier control with on-time
double that eliminates harmonic and reactive currents
drawn by nonlinear low-frequency is presented for the
single-phase shunt APF in [79].

It is suggested in [80] to use a novel deadbeat-based DPC

technique to generate reference current and control APF. A
single source of power delivered to a multilayer inverter
with three transformers, where fewer transformers are
required, is how the idea for a shunt APF is put forth in
[81]. A new four-switch two-leg VSI design for a
three-phase shunt APF is devised in [82] to reduce the
total size and cost. According to [83], the current reference
control method for shunt APF under unbalanced
conditions makes use of both the symmetrical-component
method and the Kalman filter to identify the source
voltage's fundamental sequence component.
To increase the dependability of multicellular converters,
the authors in [84] propose fault-tolerant control, which
combines multicellular topology and two-level topology.
According to the study in [85], a predictive power-control
could be used to lessen APF DC-voltage fluctuations. A
3-level H-bridge APF with a direct connection to the
distribution network is modified by the authors in [86].
Other recent works of literature explore strategies to
improve APFs through the invention of novel controller
designs or topologies [87-96].

5 Conclusion

In this work, the topic of power generation from
wind-based renewable energy systems using intelligent
control is introduced. Firstly, this research reviews the
fuzzy coordinated Pl controller to control ESS for
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large-scale wind farms and investigated the recommended
control for applications of power fluctuation suppression
and dynamic performance enhancement during faults.
Then, a fuzzy adaptive PI control is designed and
implemented in the pitch compensation control loop which
is part of the pitch angle control system in DFIG and
applied on a large-scale wind farm. Also, this research
reviews a suggestion to use an interval type-2 FLC
adaptive PI controller to manage rotor speed and produce
reference optimal torque for power extraction. Then, a
proposed methodology is presented that provides the
integration of a three-phase, four-wire APF with an ESS
made up of a SC and a three-level buck-boost converter
with FLC.
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