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A doubly-fed induction generator is the most widely used as a wind turbine
generator. Due to its drawbacks, doubly fed induction generator (DFIG) is
extremely sensitive to grid disturbances, and the fragility of some
components which are costly to the producer. Also, its acquisition value is
very high in terms of maintenance time or component cost, causing
substantial harm to both the energy production and power supplier. It is
required that the DFIG components must be protected, especially power
electronics devices and DC-Link capacitor. Therefore, this paper presents an
improved crowbar strategy for DFIG. This method is based on the Al
technique concept of utilizing a fuzzy logic controller. The main goal of this
project is to improve the system performance by reducing the dangerous
oscillations of electromagnetic torque, DC-link voltage, and rotor current
during fault. This work consists of replacing the hysteresis control for the
crowbar with fuzzy logic to realize crowbar-FLC. The proposed crowbar is

based on free light chain (FLC) depending on rotor currents and DC-link
voltage measurements. The control strategy is simulated in the MATLAB
Simulink platform to evaluate the efficiency of the suggested technique.

Symetrical three-phase fault
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1. INTRODUCTION

The increase in the price of fossil fuels, the observation of global warming, and the environmental
degradation caused by the growth in daily consumption of polluting and non-renewable energy, these factors
are leading us to rethink energy strategies Wind energy is the most significant and potential renewable energy
sources in terms of global development. Indeed, it is non-polluting and economically reliable. The
penetration of wind turbines into the power system has progressed considerably, meanwhile, in the wind
industry. The manufacture of wind turbines continues to develop new technologies and control methods that
allow wind energy to face the challenge of drastic climate changes and contribute to the overall energy
supply. Various technologies are advanced, but a variable-speed wind turbine concept has attracted interest
and possesses a greater development perspective. Due to its numerous advantages, such as diminution of
construction cost, the ability to produce at a variable speed, and the potential to operate at a wide range of
wind speeds to capture the maximum supply power.

However, the doubly fed induction generator (DFIG) is more liable to any grid disturbances.
Because of its direct link to the grid, which contains components, which are very sensitive to grid faults.
Taking this into account, with the increased integration of DFIG wind turbines into power systems, the
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behavior of DFIG based wind turbines has become significant. The fault grid may lead to an overcurrent in
the stator windings, which pass through the rotor windings resulting in an overvoltage and overcurrent in the
rotor circuit. A high current and voltage can occur in the rotor converter side, and a DC-link capacitor creates
an over-voltage [1]. These failures are imposing protection systems to disconnect the wind turbine.
Otherwise, the impact of damage to wind turbine equipment is very prejudicial. That is because of the wind
turbine's non-availability, the high cost of spare parts, the energy that is not distributed during the breakdown,
and the eventual penalties imposed on the investor or producer if the energy supply contract provides them.

For this reason, the network operator has imposed new grid code requirements requiring wind
turbines to connected to the grid. Therefore, it's imperative to protect and avoid any risk of damage that can
occur to the converter setup and DC-Link capacitor. The DFIG requires a protection system to ensure safe
operation. Numerous measures of protection have been proposed to enhance the functioning of the DFIG
during grid occurrence. In this regard, several types of approaches have been developed and generally
divided into two categories. The first one is Internal control Techniques, which optimize and control
parameters to improve the dynamic performance of DFIG-WTSs, where are applied on wind turbines, roll
stability control (RSC) and geotextile sand container (GSC).

During grid faults, an electromotive force (EMF) is induced in the rotor circuit due to the DC and
negative sequence components appearing in the machine flux linkages and the rotor speed. The investigation
proposed controlling the rotor-side converter by injecting the appropriate or the opposite current in the rotor
windings [2]. The authors in [3] implemented an approach that combines the proportional-integral (PI)
controllers with Lyapunov-based auxiliary control to ameliorate the transient behavior of DFIG-WTs. The
DTC method has been applied as a robust control strategy, it is based on the application of hysteresis
controllers by selecting the electromagnetic torque, the flux, and the position of rotor flux to set up a
switching table. This method is developed to reduce the rotor, torque, and DC link ripples [4].

Furthermore, the second category is external retrofit techniques, which add protective devices to the
DFIG system and advanced control strategies, such as rotor-side and stator-side external retrofit techniques,
limiting the DC-link and rotor overvoltage and overcurrent, also to remain the stator current and stator voltage
on an acceptable level. In light of these findings, different device topologies using protective circuits and storage
methods such as damping resistances [5], DC-Chopper, series dynamic braking resistor [6] energy storage
system (ESS) [7], [8] are discussed in many types of research. A combination of parallel crowbars and DC
Chopper is presented in [9] to reduce the overcurrent in rotor converts and control the DC-link. Besides, the
crowbar is an old hardware protection device investigated to secure the safe functioning of the rotor windings of
DFIG, which protects the rotor side inverter and the DC-link capacitor during faults [10]. Many researchers
focus their attention on studying the crowbar effect and improving its performance, and many types of crowbar
protection have been presented in [11]. According to the operation [12], a method is adopted to reduce the
crowbar's activated time and improve the hysteresis control strategy. Conventionally, the use of the hysteresis
control is a classical technigue that needs to carefully choose the threshold for crowbar application.

Subsequently, many researchers have always intended to develop methods to design and analyze
complex processes employing input-output data. In this regard, the main categories of artificial neural networks
include genetic algorithm (GA), fuzzy logic, and neural network. The authors in [13] evaluate that the fuzzy
control provides a robustness control of the active and reactive powers of a DFIG. Another use of fuzzy logic is
applied to the feedback linearization approach to improve the DFIG against unbalanced voltage [14].

Therefore, this work proposes an intelligent approach based on fuzzy logic for the crowbar of a DFIG.
Hence, the primary purpose of this strategy is to regulate the system parameters based on rotor current and DC
link voltage under grid faults as inputs, as required by the rules of the fuzzy controller to activate the switch of
the crowbar. Furthermore, it needs the self-training process, and its design does not demand the knowledge of
the model, which provides an optimal response and a good controller performance.

The rest of this paper is arranged as follows: section 2 provides a short description of the mathematical
modeling of the DFIG connected wind turbine system, section 3 introduces the structure of fuzzy logic, and
Section 4 describes the design of the intelligent protection approach for the DFIG using FLC. The simulation of
the DFIG under grid fault with and without the new technique is performed using MATLAB/Simulink. The
results are reported in section 5 to verify the effectiveness of the proposed strategy. Section 6 states the
conclusion.

2. MODELING THE SYSTEM

In terms of the electrical part of DFIG, it operates as a wound rotor induction generator. Its stator is
directly linked to the electrical grid, while the rotor is connected to the bidirectional (AC/DC/AC) power
converter. The model of the DFIG system in the d-q reference frame is as follows [15]:
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where Ugs, Ugs, Udr, Ugr, ids, Igs, idr, iqr, Wds, aNd Yqr are the stator and rotor voltages, current and fluxes linkages
in the d-q frame respectively, Rg, R, are stator and rotor phases resistances, finally, ws, w, are the angular
frequencies of stator and rotor currents.

2.1. AC/DC/AC converters

The DFIG-WTs is directly connected to the electrical network via the stator, and the rotor windings
are fed via back-to-back indirect PWM converters (AC/DC/AC) [16], known as a rotor side converter (RSC)
and grid-side converter (GSC). The power transferred by converters is generally 25-30% of the generator's
nominal power equipped with electronic components bidirectional IGBTS to generate AC voltage from the
DC voltage source [17]. The DC voltage source is provided via a shunt capacitor connected on the DC side.
Converter controllers are classified into two primary parts: RSC controllers and GSC controllers. The
objective of RSC is to ensure the control separately by decoupling between the active and reactive powers; it
is accomplished by controlling the rotor current component (igr) in the dg-reference frame, which is mapped
to the torque or stator power. On the other hand, the GSC includes the grid filter, and its primary objective is
to regulate the voltage capacitor. Furthermore, GSC enables bidirectional power flow by exchanging active
power to the power grid and reactive power from DFIG to the grid through the stator.

Even distant from the turbine's placement, faults in the power system can create a sudden decrease
in grid voltage, resulting in an over-voltage in the DC bus and an over-current in the generator's rotor circuit.
Alternatively, without any protection provided, the output voltage of the RSC would be augmented during
grid fault scenarios caused by high rotor EMF and may be damaged. Furthermore, it may boost the turbine's
speed over the rated limits if it is not correctly designed to endanger its safety. The rotor crowbar must be
activated to bypass the RSC in such cases. Converters, by nature, are highly subtle in structure and have a
capital role simultaneously. Therefore, it is crucial to develop innovative solutions to ensure the functionality
of components.

3. STRUCTURE OF FLC

The core contribution of this paper is to introduce a mathematical tool to design a fuzzy model of a
system, as it presents the advantages of approximate reasoning and learning ability. The concept of fuzzy
logic was introduced by Zadeh [18]. This invention significantly improved the control system by emulating
the human decision process using fuzzy logic. Later on, in 1975, Ebrahim Mamdani invented the principles
of the fuzzy interface system by introducing linguistic analysis control rules based on human thinking, which
fuzzify and deffuzify crisp input value to obtain crisp results [19]. Takagi-Sugeno devised a new fuzzy
interface system similar to the Mamdani approach a decade later, except that the membership function of the
output must be either linear or constant [20]. Recently, fuzzy logic controller (FLC) based on algorithm of
Mamdani and Takagi-Sugeno methods had been widely widespread interest in several applications such as
power systems [21] and power electronic converters [22]. The fuzzy Logic approach is an artificial
intelligence that imitates human reasoning in control. The basic idea behind fuzzy logic is that each object’s
partial may belong to to partial membership sets rather than belong to a single set entirely. Instead of being
either 0 or 1, as in conventional logic, the degree to which a variable may range between 0 and 1. FLC
variables are linguistic variables that use the fuzzy membership function concept (MFs). MFs come in
various shapes, including Triangular, Trapezoidal, Gaussian, Sigmoid, and Singleton fuzzy sets, which are all
used in the modeling of energy systems [23], [24]. Triangular MFs, on the other hand, are the most frequent
and commonly utilized because to their simplicity and omputationally efficient. In general, the FLC operation
consists of four steps [25], as shown in Figure 1.

Fuzzification is the process of transforming deterministic crip input into fuzzy set. by specifying the
selected MFs for each system input variable to be controlled. Second, the fuzzy rule-base specified by a set of
fuzzy IF-THEN rules is adopted to associate between input and output variables. The fuzzy rules in sugeno
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system is presented in two models as decribed in [26]. Each rule of sugeno fuzzy inference operates in zero-
order methods as in (4) with (p;= g;= 0), while z; is constant, or first-order method as in (5).
Rule i:

IF xis A;jand y is By THEN z; = ; 4
rule i:
IF xis Ajand y is By THEN z; = pix + q;y +1; (5)

where A; and By, are the fuzzy sets for inputs x and y, j and k are the membership functions that defined the
input, z; represent an output (consequent function) and it is a linear or constant consequent function, p;, g;
and r; are the consequent parameters and finally, i indicates the number of rules. The third step, the interface
engine, calculates the output value for each rule defined in the previous step. Lastly, defuzzification
transforms the fuzzy output set getting from the inference mechanism into a single crisp output.

l 1
y Fuzzy inference 1
Rules mechanism :

Figure 1. FLC architecture

4. CROWBAR APPROACH PROTECTION DRIVEN BY FUZZY LOGIC CONTROLLER

The purpose of fuzzy logic is mapping an input space to an output space by the statements rules
mechanism. Before generating an efficient system to interpret rules, it must first define all the terms intended
to use and the linguistic label that characterizes them. Otherwise, the fuzzy inference system process (FIS)
concept is to enact the ranges of the different input vectors according on some set rules, assigning a value to
the output vector. The Figure 2 presents the diagram of a roadmap for the fuzzy inference process as a
description of the fuzzy system.

This paper provides a novel contribution by replacing the conventional hysteresis control with fuzzy
Logic to reach two main goals: First, improving the protection of windings rotor from overvoltage, then the
converter back to back, and second shielding the DC-link from overvoltage. The crowbar configuration
consists of three resistors with controllable circuit breakers parallel with the rotor side converter. The
proposed fuzzy controller is trained on different measurable data from the investigated system in both normal
and abnormal cases. When a fault occurs, the controller detects it and closes the circuit breaker switches,
allowing the fault current to dissipate via the crowbar resistors. This section explains the fuzzy inference
process, which uses the two-input, one-output. The controller design consists of the following steps.

4.1. Fuzzifaction

As shown in Figure 3, the proposed fuzzy controller presents two inputs: the measured three-phase
current of rotor windings of DFIG and the Vdc. In particular, the selected type of MFs for inputs is
Triangular. Meanwhile, the MF shape of the outputs is defined to be constant, where are presented as “FO” =
Fault Occurrence” and “NF” = No-Fault,” which have two values: 0 or 1. This output is 0 to indicate no fault
occurrence and 1 if there is fault occurrence. The inputs of the FLC are as follows:
a. VDC: DC-Link voltage

b. Rotor current: I, = ~/I%, + I%, + I2,
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Figure 2. Block diagram of a general description of fuzzy system
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Figure 3. FLC inputs and output for crowbar protection

In this case, the fuzzy sets of current rotor input, DC-link voltage input respectively are referred to
the rules base as “NRF” = Negative Range of Fault, “ZF” = No-Fault (Zero Fault), “PRF” = Positive Range
of Fault, “SRF” = Small Range of Fault, and “BRF” = Big Range of Fault. The FLC output is a control signal
used to activate or deactivate the crowbar; Table 1 indicates the target output for FLC under different
conditions.

Table 1. Target output for FLC
Conditions  NF FO

NRF-SRF 0o 1
ZF 1 0
PRF-BRF 0 1

4.2. Fuzzy rules

After fuzzifying the inputs, the fuzzy rules must be designed according to the input and output
variables, the conditional statements that compose fuzzy rules can be represented in the widely used format
of (IF-THEN) statements. The following form is an expression of a fuzzy if-then rule:
if <input variablel> is <MF_name> (and/or) <input variable2> is <MF_name> then <outputvariable> is
<MF_name>.

Our control rule is defined as the following: IF (1,4 is A) AND (VDC is B) THEN (S is Oi).
Where the IF-part rule A (NRF, ZF, PRF) and B (SRF, ZF, BRF) are the fuzzy set of the input variables are
called antecedent, while THEN-part of the rule Oi (NF, FO) the fuzzy set of the output variables is called the
consequent. By applying the fuzzy AND operator, which allows the system to resolve the antecedent into a
rule support degree and then construct a fuzzy output set known as a consequent, which is represented by a
membership function determined to be constant in this case. In general, the output of each defined rule is a
fuzzy set; therefore, the fuzzy output sets are aggregated to form a single set. Aggregation, in other words, is
the process of combining the outputs of each rule into a single fuzzy set whose input is a list of the truncated
output functions provided by the implication process for each rule. Finally, the final set is defuzzified.

The number of MFs determines the number of rules used in designing the fuzzy controller utilized,
with 9 rules used for 3x3 MFs, corresponding to three fuzzy sets for each input. The inference rules for the
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proposed controller are simulated with human reasoning to evaluate the values of output variables based on
if-then rules. FLC rules are constructed using the deterministic method proposed by Takagi and Sugeno.
Therefore, the rules are formed using a fuzzy process model or self-learning fuzzy. These rules can be
grouped in the Table 2:

Table 2. Set of fuzzy rules

Labe NRF ZF PRF
VDC
SRF FO FO FO
ZF FO NF FO
BRF FO FO FO
IF {Vdc is SRF AND Irotor is NRF} THEN Oi is FO
IF {Vdc is SRF AND lIrotor is ZF} THEN Oi is FO
IF {Vdc is SRF AND lIrotor is PRF} THEN Oi is FO
IF {Vdc is ZF AND lIrotor is NRF} THEN Oi is FO
IF {Vdc is ZF AND Irotor is ZF} THEN Oi is NF
IF {Vdc is ZF AND Irotor is PRF} THEN Oi is FO
IF {Vdc is BRF AND Irotor is NRF} THEN Oi is FO
IF {Vdc is BRF AND Irotor is ZF} THEN Oi is FO
IF {Vdc is BRF AND Irotor is PRF} THEN Oi is FO

CONOOR~WNE

4.3. Defuzzification

As a final phase, the aggregation of fuzzy sets incorporates a range of crips output that are the inputs
of the defuzzification process. It consists of converting them into a single set output value. This process
supported two built-in defuzzification methods: weighted average (wtaver) and weighted sum (wtsum). The
output of the fuzzy inference system is composed of two values of the crowbar switches that are splitting into
two fuzzy sets, zero and one (opened or closed, respectively). Table 3 shows the characteristics of the fuzzy
logic structure for the crowbar protection approach.

Table 3. Parameters of FLC structure

Parameters Values/types
Crip Inputs 2
Crip Outputs 1

Number of the input membership function 3
Shape of the input membership function Triangular
Shape of the output membership function ~ Constant

Rules 9
Inference engine TSK-Takagi and Sugeno
Defuzzification Method ‘Wtaver’ Weighted average

5. SIMULATION RESULTS AND DISCUSSION

This part investigates the behavior of the DFIG outfitted with the suggested on fuzzy logic
technique. The overall system model is developed using Simpowersystem toolbox under
MATLAB/Simulink. The performance of DFIG-WTs without protection and with the rotor parallel crowbar
driven by the FLC is compared during 3-symmetrical fault conditions. The DFIG wind farm produces 9 MW
from six 1.5 MW wind turbine generators connected to a 120-kV grid via a 30 km transmission line in length.
The DFIG operates at a constant wind speed of 15 m/s. The DC-Link voltage is set at 1150V during steady-
state conditions, and the active and reactive power are 9 MW and 0 MVar, respectively. The fault under
examination is the triple line to the ground, subjected to the system at the point of common coupling (PCC)
for 500 ms. The Figure 4 shows a schematic illustration of DFIG with the proposed crowbar protection
device.

5.1. Analysis of DFIG during symmetrical 3-phase fault condition without crowbar protection

The DFIG simulation outcomes show the behaviors of the studied system during the occurrence of a
triple-line fault. When the fault happens on phases a, b and c, the stator voltage lowers, and stator currents
increase to a high value, causing a variation of the electromagenic torque rotor current and bus voltage, and
the reactive power delivered by the DFIG.
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Figure 4. Schematic illustration of DFIG with the proposed crowbar protection device

5.1.1. Variation of stator current and voltage

The Figures 5 (2) and 5(b) depict the terminal voltage fluctuations of wind turbines in the event of a
three-phase failure, which occurred at 1s when DFIG supplied 9 MW of power to the grid as well as the wind
speed remained constant at 15 m/s throughout the simulation. The voltage at the PCC is nearly zero at this
point, but the stator current has increased to 4.92 pu.
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Figure 5. Variations of stator voltage (a) stator current and (b) during the three-phase fault

5.1.2. Variation in Rotor current, capacitor voltage, and electromagnetic torque

The figure below presents the variations of the rotor current, torque, and DC-Link voltage without
any protection. For a system without a protection approach, the rotor current has a dangerous peak to reach
values of 4,152 pu at the beginning of the fault occurrence, as is depicted in Figure 6(a). Those oscillations
subject the side rotor converter to very high stress, which is unacceptable because they significantly affect the
RSC, and potentially damage it. The GSC regulates the DC capacitor’s voltage; however, when the fault
occurs, the Grid voltage drops, and the GSC is unable to transmit power from the RSC to the grid. As a
result, the extra energy charges the DC link capacitor, causing its voltage to rise rapidly; the DC link voltage
swells up to 2153 V, as shown in Figure 6(b); as a consequence, this will severely damage the DC link
capacitor. In addition, the electromagnetic torque in Figure 6(c) fluctuate with the rotor current. This torque
presents significant fluctuations that will affect the mechanical of DFIG performance. When a grid fault
appears, the electromagnetic torque oscillations reduce to -2,481 pu and rise to 1,261 pu.
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during-three phase fault

5.1.3. Impact of a grid three-phase fault on active and reactive power

The active and reactive powers supplied from the wind are depicted in the figure below. During the
fault, the active power is rapidly decreased to zero. Moreover, the DFIG injects the reactive power generated by
the GSC into the grid to keep the voltage stable. The effect of the fault causes a total loss of energy production
and inefficient reactive power regulation. With the massive introduction of wind energy in the electrical
network, the grid operator imposes grid code requirements considering LVRT, which must spread to the voltage
condition ranges established by the grid code. The generated powers are depicted in Figures 7(a) and 7(b).
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Figure 7. Variations of active power (a) reactive power and (b) during three-phase fault

In general, wind farms are located at remote grid connection points. In a three-phase fault condition,
the short circuit current for these types of failure is very high. Then the fault current (in the order of 10 kA)
will be provided mainly by the wind turbines. Thus, disconnection of the farm is strongly recommended in
this circumstance to preserve the installations from damage.

5.2. Behavior of DFIG equipped with the proposed approach during symmetrical three-phase fault
This subsection illustrates the effect of the proposed control technique and behavior of DFIG when

subjected to the symmetrical three-phase fault at the PCC. The key outcome of this work is to develop a

robust and effective fuzzy logic controller for activating switches of crowbar resistors. The Figure 8 presents

the flowchart of different steps of the proposed control scheme for the crowbar. The simulation outcomes are
illustrated in the Figure 9.

Acquire the Vdc voltage and the
rotor current (I Jep )

N NF
Fuzzy controller output generated ~
{F, FOY

FO
h 4

Activate crowhar

Figure 8. Flowchart of different steps of the proposed control scheme for the crowbar
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Figure 9. Variations of measured rotor current (a) DC-link voltage and (b) during three-phase fault with the
proposed crowbar protection

In the Figure 9(a), it can be remarked that the approach reduces the rotor current most efficiently
during the grid fault occurrence and recovery. The peak current is decreased with the activation of the
crowbar, which provides a bypass for the fault currents. Thus, the present value is lowered to 1,4 pu. On the
other hand, the peak current is significantly lowered at the instant of voltage recovery. Hence, the peak rotor
current is reduced before and after recovery, preventing the converters from being damaged.

The variation of DC-link voltage is another important phenomenon. It is worth mentioning that the
most severe DC-link voltage variations occur during the fault period, and the highest voltage exceeds the
safety limits. Figure 9(b) presents the enhancement obtained for Vdc in decreasing the over-voltage created
during grid fault. Figure 10 shows the fluctuations in electromagnetic torque and reactive power caused by a
symmetrical three phase fault using the investigated protection technique. Figure 10(a) demonstrates that the
transient in electromagnetic torque reduced to the secure region. Also, in figure 10(b) the reactive power is
decreased to Zero. The above results demonstrate the robustness and reliability of the fuzzy controller used
for the crowbar. This technique offers a significant reduction in oscillations of the main parameters of the
DFIG.
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Figure 10. Variations of measured electromagnetic torque (a) reactive power and (b) during three-phase fault
with the proposed crowbar protection

6. CONCLUSION

This paper concentrated on the hardware approach for protecting the DFIG WT outfitted with three
crowbar resistors linked in parallel with a controlled single-phase switch against severe grid faults. The
objective is to enhance the crowbar performance. An improved FLC strategy is developed in detail to reduce
violent oscillations of the high current during the occurrence and the clearance of the faults to safeguard the
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DFIG, DC-link capacitor, and converters from damage. The controller employed fuzzy logic and used the
average values of three-phase rotor currents and DC- link voltage to activate the crowbar. The accuracy of
the proposed strategy is evaluated during 3-® fault at the terminal of DFIG using MATLAB/ Simulink. The
variations of rotor current, DC-Link voltage, electromagnetic torque, active and reactive power are examined
in steady-state and faulty state conditions. The simulations results show the system performance with and
without the crowbar based on FLC for 500ms. The measured DC-Link voltage becomes more stable during
the fault period and reaches an acceptable value. Also, the rotor current and torque have little fluctuations
throughout and after the fault period. Thus, the power electronics devices are saved. After the clearance of
disturbance, the RSC is reconnected to the grid, and the DFIG provides reactive power to the grid to stabilize
the grid voltage. Furthermore, the DFIG results show low variations during and after the fault when the
proposed technique is applied. Finally, the new crowbar approach based on fuzzy logic successfully
controlled the active crowbar to eliminate the failure of variations in DC-link voltage, rotor current, torque,
active and reactive power during fault operation.

REFERENCES

[1] C.Jinand P. Wang, "Enhancement of low voltage ride-through capability for wind turbine driven DFIG with active crowbar and
battery energy storage system," in IEEE PES General Meeting, 2020, p. 1-8, doi: 10.1109/PES.2010.5588180.

[2] L.Ran,D. Xiang, P. J. Tavner, and S. Yang, "Control of a doubly fed induction generator in a wind turbine during grid fault ride-
through," IEEE transactions on energy conversion, vol. 21, no 3, p. 652-662, 2006, doi: 10.1109/TEC.2006.875783.

[3] M. Rahimi and M. Parniani, "Transient performance improvement of wind turbines with doubly fed induction generators using
nonlinear control strategy,” IEEE Transactions on Energy Conversion, vol. 25, no 2, p. 514-525, 2009, doi:
10.1109/TEC.2009.2032169.

[4]  Yungui Li et al., "An improved DTC controller for DFIG-based wind generation system," in IEEE International Power
Electronics and Motion Control Conference (IPEMC-ECCE Asia), 2016, pp. 1423-1426, doi: 10.1109/IPEMC.2016.7512499.

[5] Y. Boukhris, A. E. Makrini, H. E. Moussaoui, and H. E. Markhi, "Low Voltage Ride-through Capability Enhancement of Doubly
Fed Induction Generator Based Wind Turbines under Voltage Dips," International Journal of Power Electronics and Drive
Systems, vol. 6, no 4, 2015, doi: 10.11591/ijpeds.v6.i4.pp808-81.

[6] A. E. Makrini, Y. E. Karkri, Y. Boukhriss, H. EI Markhi, and H. E. Moussaoui, "LVRT control strategy of DFIG based wind
turbines combining passive and active protection,” International Journal of Energy Research, vol. 7, pp. 1258-1269, 2017, doi:
10.20508/ijrer.v7i3.6014.9g7159.

[71 F. N. Mazgar, M. T. Hagh, and S. Tohidi, "ESS equipped DFIG wind farm with coordinated power control under grid fault
conditions," Journal of Power Electronics, vol. 21, no 1, pp. 173-183, 2021, doi:10.1007/s43236-020-00177-6.

[8] T. Riouch, A. Derouich, and R. E. Bachtiri, "Advanced Control Strategy of DFIG during Symmetrical Grid Fault," International
Journal of Power Systems, vol. 6, pp. 21-26, 2021, doi: 10.11591/ijpeds.v12.i3.pp1422-1430.

[91 A. M. Haidar, K. M. Muttaqi, and M. T. Hagh, "A coordinated control approach for DC link and rotor crowbars to improve fault
ride-through of DFIG-based wind turbine,” IEEE Transactions on Industry Applications, vol. 53, no 4, p. 4073-4086, 2017,
doi:10.1109/T1A.2017.2686341.

[10] O. Noureldeen, "Behavior of DFIG wind turbines with crowbar protection under short circuit,” International Journal of Electrical
& Computer Sciences IJECS-1JENS, vol. 12, no 3, pp. 32-37, 2012, doi:10.3969/j.issn.1000-1026.2012.08.033.

[11] M. Ebeed, O. Noureldeen, and A. A. Ebrahim, "Assessing Behavoir of the Outer Crowbar Protection with the DFIG during Grid
Fault," in International Conference on Energy Systems and Technologies, 2013, pp. 91-102, doi:10.12986/1JPEE.2013.009.

[12] L. Peng, B. Francois, and Y. Li, "Improved crowbar control strategy of DFIG based wind turbines for grid fault ride-through," in
Twenty-Fourth  Annual IEEE Applied Power Electronics Conference and Exposition. 2009. pp. 1932-1938,
doi:10.1109/APEC.2009.4802937.

[13] C. Ahlem, A. Benretem, |. Dobrev, and B. Barkati, "Comparative study of two control strategies proportional integral and fuzzy
logic for the control of a doubly fed induction generator dedicated to a wind application,” International Journal of Power
Electronics and Drive Systems, vol. 11, no 1, pp. 263-274, 2020, doi:10.11591/ijpeds.v11.i1.pp263-274.

[14] K. Boureguig, A. Mansouri, and A. Chouya, "Performance enhancements of DFIG wind turbine using fuzzy-feedback
linearization controller augmented by high-gain observer," International Journal of Power Electronics and Drive Systems, vol. 11,
no 1, pp. 10-23, 2020, doi:10.11591/ijpeds.v11.i1.pp10-23.

[15] B. B. M. E. Amine, A. Ahmed, M. B. Houari, and D. Mouloud, "Modeling, Simulation and Control of a Doubly-Fed Induction
Generator for Wind Energy, Conversion Systems,” International Journal of Power Electronics and Drive Systems, vol. 11, no. 3,
2020, doi: 10.11591/ijpeds.v11.i3.pp1197-1210.

[16] M. Ismail, E. Hassane, Elmarkhi, E. M. Hassan, and L. Tijani, "Power Losses Minimization in Distribution System Using Soft
Open Point," in International Conference on Innovative Research in Applied Science, Engineering and Technology (IRASET), pp.
1-5, 2020, doi: 10.1109/IRASET48871.2020.9092002.

[17] H. T. Jadhav and R. Roy, "A comprehensive review on the grid integration of doubly fed induction generator,” International
Journal of Electrical Power and Energy Systems, vol. 49, pp. 8-18, 2013, doi: 10.1016/j.ijepes.2012.11.020.

[18] L. A. Zadeh, "Outline of a new approach to the analysis of complex systems and decision processes,” IEEE Transactions on
systems, Man, and Cybernetics, no 1, pp. 28-44, 1973, doi: 10.1109/TSMC.1973.5408575.

[19] E. H. Mamdani and S. Assilian, "An experiment in linguistic synthesis with a fuzzy logic controller,” International journal of
human-computer studies, vol. 7, no 1, pp. 135-147, 1975, doi: 10.1016/S0020-7373(75)80002-2.

[20] T. Takagi and M. Sugeno, "Fuzzy identification of systems and its applications to modeling and control," IEEE Transactions On
Systems, Man, And Cybernetics, no 1, pp. 116-132, doi: 10.1109/TSMC.1985.63133991985.

[21] R. R. Nasyrov and R. I. Aljendy, "Comprehensive comparison between hybrid fuzzy-Pl and PSO-PI controllers based active
power filter for compensation of harmonics and reactive power under different load conditions,” in IEEE Conference of Russian
Young Researchers in Electrical and Electronic Engineering (EIConRus), 2018, pp. 725-730, doi:
10.1109/EIConRus.2018.8317195.

[22] M. A. Hannan, Z. A. Ghani, M. M. Hoque, P. J. Ker, A. Hussain, and A. Mohamed, "Fuzzy Logic Inverter Controller in
Photovoltaic Applications: Issues and Recommendations,” in IEEE Access, vol. 7, pp. 24934-24955, 2019, doi:

Improved crowbar protection technique for DFIG using fuzzy logic ... (Zineb En-nay)



1790 O ISSN: 2088-8694

10.1109/ACCESS.2019.2899610.

[23] L. Suganthi, S. Iniyan, and A. A. Samuel, "Applications of fuzzy logic in renewable energy systems-a review," Renewable and
Sustainable Energy Reviews, vol. 48, p. 585-607, 2015, doi: 10.1016/j.rser.2015.04.037.

[24] M. Bilgehan, "Comparison of ANFIS and NN models—With a study in critical buckling load estimation," Applied Soft
Computing, vol. 11, no 4, p. 3779-3791, 2011, doi:10.1016/j.asoc.2011.02.011.

[25] N. Farah, M. H. N. Talib, Z. Ibrahim, J. M. Lazi, and M. Azri, "Self-tuning Fuzzy Logic Controller Based on Takagi-Sugeno
Applied to Induction Motor Drives," International Journal of Power Electronics and Drive Systems, vol. 9, no 4, pp. 1967-1975,
2018, doi:10.11591/ijpeds.vIn4.ppl1967-1975.

[26] O. Noureldeen and I. Hamdan, "A novel controllable crowbar based on fault type protection technique for DFIG wind energy
conversion system using adaptive neuro-fuzzy inference system," Protection and Control of Modern Power Systems, vol. 3, no 1,
p. 1-12, 2018, doi: 10.1186/s41601-018-0106-0.

BIOGRAPHIES OF AUTHORS

Zineb En-nay Bd P She received the engineer degree in electrical engineering option
renewable energy from National School of Applied Sciences of 1bn Tofail University, Kenitra
in 2019. She is currently a PhD student in electrical engineering (Intelligent systems,
Geosources and Renewable Energy laboratory), at Faculty of Sciences and Technologies of
Sidi Mohammed Ben Abdallah University. Her research interests include the field of power
systems, renewable energy and artificial intelligence. She can be contacted at email:
zineb.ennay@usmba.ac.ma.

Ismail Moufid © 4 P He is a Ph.D. student at Intelligent Systems Georessources and
Renewable Energy Laboratory (SIGER) of the faculty of science and technologies of Sidi
Mohammed Ben Abdallah University. His Researh interests include reduction of power loss
in distribution network, power electronics, motor drives, and renewable energy. Ismail had a
Master degree in Electronics, Signals and Automated Systems from the faculty of science and
technologies of Sidi Mohammed Ben Abdallah University of fez. He can be contacted at
email: ismail.moufid@usmba.ac.ma.

Aboubakr EI Makrini © B B4 ® He received his engineer degree inelectrical engineering
from Hassan 1l University, Casablanca in 2002. He got the PhD degree in Electrical
Engineering at Faculty of Science and Technology, Sidi Mohamed Ben Abdellah University
in 2018. His main research interests include electrical grid, power systems and renewable
energy systems. He can be contacted at email: aboubakr.elmakrini@usmba.ac.ma.

Hassane EL Markhi © Ed B3 ® He received the Engineer degree in electrical engineering
from Hassan Il University, Casablanca in 1995. He received his Ph.D. Degree in Fault
location in electrical power distribution systems and improvement of a grid-integrated DFIG
based wind turbine system from Sidi Mohamed Ben Abdellah University, Fez in 2015. He is
currently a professor in the Department of Electrical Engineering with Faculty of Science and
Technology, Fez (Morocco). His main research interests include smart grid, fault location, and
renewable energy systems. He can be contacted at email: Hassane.elmarkhi@usmba.ac.ma.

Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1779-1790


https://orcid.org/0000-0001-9984-5473
https://scholar.google.com/citations?user=Tay3qT8AAAAJ&hl=fr&authuser=2
https://publons.com/researcher/5289704/zineb-en-nay/
https://orcid.org/0000-0002-4527-3825
https://scholar.google.com/citations?user=QaHMf8oAAAAJ&hl=fr&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=57218686170
https://publons.com/researcher/5289748/ismail-moufid/
https://orcid.org/0000-0002-2417-4326
https://scholar.google.com/citations?user=iLT4c2kAAAAJ&hl=fr&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=57041247400
https://publons.com/researcher/5296664/aboubakr-el-makrini/publications/
https://orcid.org/0000-0002-9823-6075
https://scholar.google.com/citations?hl=fr&user=IOE1wIQAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=23396750400
https://publons.com/researcher/5298598/el-markhi-hassane/

