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 The doubly-fed induction generator (DFIG) based wind farm is widely used 

for extracting energy from the wind. When the wind farm is connected to the 

grid, generally it causes some perturbations. It can disturb the function of the 

grid and the installations connected to the grid. This impact concerns the 

load flow, voltage drops, and frequency fluctuations. To overcome those 

issues, the unified power flow controller (UPFC) is recommended. In this 

paper, we propose to study the impact of the integration of a wind farm on 

the power system. Presently, we propose an original contribution by using 

UPFC based on fuzzy logic controllers (FLC). Finally, simulation and 

experimental results using MATLAB/Simulink are proposed to show the 

effectiveness of this solution. 
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1. INTRODUCTION 

Generally, renewable energy participates by an important percentage in the grid’s global electricity 

production [1]. The wind power industry is one of the renewable energies that is undergoing rapid 

globalization. This power supply has been widely used in the last decades [2]. It has immense potential 

across the world and it can significantly reduce the dependence on fossil fuels [3]. The doubly-fed induction 

generator (DFIG) is one of the machines that are widely used in the wind power industry. Indeed, the DFIG 

presents many advantages compared to other machines. Specifically, it has a low cost. It can operate under 

variable wind speeds. The active and reactive powers of the DFIG can be easily controlled [4]. Many 

researchers had proposed several solutions to improve the dynamic performances of the DFIG and ameliorate 

the stability performances of the grid system. Wadawa et al. [5] propose an approach for hybrid control based 

on fuzzy logic, H infinity, and integral proportional controllers to supervise the speed of wind turbines 

(DFIG) connected to the electrical grid. Shabani et al. [6] propose the effect of the closed-loop control 

system with a generic PI is used to control the DFIG. The aim is to study the stability of the power system 

under the penetration of the DFIG-based wind farms. Tamalouzt et al. [7], a method based on the three-level 

inverter topology and using a direct reactive power control is proposed for a (DFIG)-based wind power plant 

system. Sahri et al. [8] introduce a direct power control strategy based on machine learning to overcome the 

difficulties caused by the DFIG and local reactive power variations from the grid. 

The three main causes of perturbations that create harmonics and oscillations in the power grid are 

the integration of wind energy, the sudden insertion (increase or decrease) of the load, and the environmental 

causes. These problems can affect the system’s stability and may lead to failure. To overcome these 

disturbances and ameliorate the power quality [9], flexible alternating current transmission system (FACTS) 

https://creativecommons.org/licenses/by-sa/4.0/
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devices are often used [10], [11]. The FACTS can be introduced in the power system network to increase the 

power transfer capability of the transmission line and to ameliorate the voltage stability [12], [13]. Then, the 

transient stability, voltage regulation, reliability, and thermal limits of the transmission network can be 

improved using the FACTS systems [12]. According to the connection type of the FACTS devices with the 

power system network, the compensation techniques can be classified into four types: series-connected 

controllers, shunt connected controllers, combined series-series controllers, and combined shunt-series 

controllers. The most used FACTS devices for series compensators are: thyristor-controlled series capacitor 

(TCSC), thyristor-controlled series reactor (TCSR), thyristor switched series capacitor (TSSC), and static 

synchronous series compensator (SSSC) [14]. The most used FACTS devices for shunt compensators are: 

static VAR compensator (SVC) [15], thyristor-controlled reactor (TCR), thyristor switched capacitor (TSC) 

[16], thyristor switched reactor (TSR), and static synchronous compensator (STATCOM) [17]-[19]. The 

most used FACTS devices for series-series compensators are the interline power flow controllers (IPFC). The 

main FACTS devices in the series-shunt compensator are the unified power flow controller (UPFC) 

[20], [21].  

Liu et al. [22] discuss the global and local power flow operations conditions of the UPFC. A 

solution based on the wavelet-alienation-neural technique has been established and studied for the fault 

analysis of a grid operating with UPFC in [23]. Hinda et al. [24], an advanced control scheme based on 

sliding mode control of a UPFC was introduced.  

Kotb et al. [25] introduce a fuzzy logic controllers (FLC) method supervising the exchange of 

energy in a microgrid. The aim is to improve the stability and power quality of the microgrid. In [26], an 

adaptive fuzzy controller was implemented using only the output signals. Then, the path of the mechatronic 

system can be accurately determined. Ghosh [27], a neuro-fuzzy-based on the internet of things is proposed. 

This work aims to reduce the production cost of the power system. To optimize the wind power system, an 

adaptive fuzzy logic controller (AFLC) has been suggested in [28]. This AFLC was presented as a regulator 

for extracting the peak power from a permanent magnet synchronous generator-based wind turbine. In [29], a 

fuzzy PID combined with a genetic algorithm is designed to control the charger of the auxiliary power supply 

of a train. To transfer the active power generated to the grid system with a unity power factor, a FLC of 

active and reactive power for a grid-connected photovoltaic system was applied in [30]. 

Accordingly, the integration of a DFIG-based wind farm into the power system has an influence on 

the load flow, the voltage drops, and the frequency fluctuation. To overcome these impacts and to ameliorate 

the dynamic performances of this integration, the UPFC system can be implemented in the grid. However, 

several previous works have proposed the integration of the wind farm into the grid. To overcome the 

problems of disturbances and to ameliorate the power quality, the FACTS devices have been proposed. In 

this work, an approach based on fuzzy logic control is established to control the UPFC. Then, this strategy is 

different from other techniques. It is based on three FLC that have been implemented in the UPFC. Then, two 

power plants connected to the grid are studied. This constitutes one of the main novelties of this work. 

Summary of main contributions, the main contributions of this paper can be summarized as:  

− Presently, the integration of wind farms into the grid is proposed. 

− A solution using the UPFC is studied to overcome the disturbance problems caused by this integration.  

− To enhance the power supply quality, a FLC is proposed to control the UPFC. Specifically, in the UPFC-

shunt two regulators (based on the FLC) are introduced. The first one is designed to control the AC 

voltage part and the second is intended to supervise the DC voltage regulator.  

− Furthermore, a power regulator based on the FLC is implemented in the UPFC series.  

− It is shown that the proposed solution using the UPFC based on the FLC can improve the system 

characteristics. 

− It is noticed that the suggested algorithm is featured by a high convergence rate to achieve the global 

optima. 

The remaining sections of this paper will be organized as follows: the mathematical model of the 

DFIG is introduced in section 2. The UPFC is dealt with in section 3. The FLC-based UPFC is presented in 

section 4. The different cases of the system under study are described in section 5. Simulation results and 

comparisons are also given in this section. In section 6, the key points of this paper are summarized as a 

conclusion.  
 
 

2. DFIG MODELING 

The model of the studied DFIG connected to the electrical grid is given in Figure 1. By referencing 

to the dq Park reference, the mathematical modeling of the voltages, and active/reactive powers of the DFIG 

is [8]: 

− Voltage equations 
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𝑉𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑ɸ𝑑𝑠

𝑑𝑡
− 𝑤𝑠ɸ𝑞𝑠 (1) 

 

𝑉𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑ɸ𝑞𝑠

𝑑𝑡
+ 𝑤𝑠ɸ𝑑𝑠  (2) 

 

𝑉𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑ɸ𝑑𝑟

𝑑𝑡
− (𝑤𝑠 − 𝑤𝑟)ɸ𝑞𝑟 (3) 

 

𝑉𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑ɸ𝑞𝑟

𝑑𝑡
+ (𝑤𝑠 − 𝑤𝑟)ɸ𝑑𝑟 (4) 

 

where (ɸ𝒔, ɸ𝒓 ), ( 𝐕𝐬, 𝐕𝐫 ), (𝒊𝒔, 𝒊𝒓 ), (𝑤𝑠 , 𝑤𝑟 ) and (𝑅𝑠 , 𝑅𝑟 ) are the flux, voltage, current, pulsations, and 

resistances of the stator and rotor respectively. 

− Power equations 

 

𝑃𝑠 =
3

2
(𝑉𝑑𝑠𝑖𝑑𝑠 + 𝑉𝑞𝑠𝑖𝑞𝑠) (5) 

 

𝑄𝑠 =
3

2
(𝑉𝑞𝑠𝑖𝑑𝑠 − 𝑉𝑑𝑠𝑖𝑞𝑠) (6) 

 

 

 
 

Figure 1. DFIG-based wind farm connected to the grid 

 

 

3. BASIC STRUCTURE OF UPFC 

To satisfy the electrical market, the electrical equipment should respect the requirements of network 

characteristics. Therefore, the use of FACTS devices can be an important solution [31]. The FACTS devices 

are combinations of power electronics and traditional power system components. These devices can improve 

transient and dynamic stability, voltage regulation, and power system reliability [32]. Among the FACTS 

devices, the UPFC is the most important one. Indeed, this latter can control the active and reactive power 

flows in the electrical transmission line. The UPFC is constituted by shunt voltage-source converter (VSC), 

which works as a static compensator (STATCOM), and series VSC, which works as a static synchronous 

series compensator (SSSC). The STATCOM and the SSSC are coupled by a common DC link as shown in 

Figure 2.  

The UPFC can be considered as a multi-function controller which combined the performance of two 

FACTS devices. The single-phase representation of the three-phase UPFC system is shown in Figure 3. The 

current through the series and shunt branch of the circuit in Figure 3 can be expressed by (7) and (8). 

 

 

  

  

Figure 1. UPFC single line diagram Figure 2. Single-phase representation of three-

phase UPFC system 
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𝐿
𝑑𝑖𝑠𝑒𝑥

𝑑𝑡
=  −𝑅𝑖𝑠𝑒𝑥 + 𝑣𝑠𝑒𝑥 + 𝑣𝑠𝑥 − 𝑣𝑟𝑥 (7) 

 

𝐿
𝑑𝑖𝑠ℎ𝑥

𝑑𝑡
=  −𝑅𝑖𝑠ℎ𝑥 + 𝑣𝑠ℎ𝑥 − 𝑣𝑠𝑥 (8) 

 

Where (𝑣𝑠𝑒𝑥 , 𝑣𝑠ℎ𝑥), (R, 𝑅𝑠ℎ) and (L, 𝐿𝑠ℎ) are voltage sources, resistance, and leakage inductance of the series 

and shunt converters of the UPFC respectively. The ‘𝑥′ represents the three-phase quantities (phase a, b or c). 

 

 

4. FUZZY LOGIC CONTROLLER BASED UPFC 

To improve the power quality after integration of the wind energy in the grid, a solution using UPFC 

based on a fuzzy logic controller is proposed. The UPFC is composed of shunt and series controllers. The 

shunt controller of UPFC is constituted by 3 regulators. Specifically, the current, the DC voltage, and the AC 

voltage regulators. Each regulator has a PI controller. In the series controller of UPFC, there are also two PI 

controllers implemented in the power regulator. Generally, a PI controller presents many advantages. This 

controller combines the benefits of the P and I regulators. The PI controller gives good performances with 

simple implementations and structures. However, the PI controller has often some limitations in nonlinear 

systems. To improve the UPFC performances, we propose solutions combining a FLC with the PI controllers. 

The structures of these regulators are shown in Figure 4, Figure 5, and Figure 6.  

 

 

 
 

Figure 3. The AC voltage regulator, based on the FLC, in the UPFC shunt 

 

 

 
 

Figure 4. The DC voltage regulator, based on the FLC, in the UPFC shunt 

 

 

 
 

Figure 5. The power regulator in the UPFC series based on the FLC 
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Note that the FLC has been widely used in several applications compared to other control strategies. 

The integration of the FLC can present several advantages, e.g., in nonlinear systems. Generally, the most 

used FLC types are Mamdani and Takagi-Sugeno. Presently, the FLC based on the Mamdani-type is 

proposed. The integral part of the PI is adjusted by the FLC while the proportional term is kept unchanged. 

The main components of the FLC are fuzzification blocks, fuzzy rule bases, and defuzzification blocks. The 

proposed fuzzy control module contains two inputs (the error 𝜀 and the derivative of the error 𝜀̇) and one 

output, noted 𝛼𝑗  (𝑗 = 1,2,3). In this work, the chosen basic universes of input and output parameters are 

[−1,1], i.e., 𝜀, 𝜀̇ 𝜖[−1,1] and 𝛼1, 𝛼2, 𝛼3𝜖[−0.01,0.01]. We assign seven fuzzy sets for the inputs and output, 

namely {negative big (NB), negative middle (NM), negative small (NS), zero (ZZ), positive small (PS), 

positive middle (PM), positive big (PB)}. In this paper, the membership functions linked to ε, 𝜀̇, and 𝛼𝑗 are of 

triangular shapes. For simplification reasons, we will choose the same fuzzy subsets for the input variables 

and the same fuzzy subsets for the output variables. The membership functions for the input and output are 

shown in Figure 7 and Figure 8, respectively. 

 

 

 
 

Figure 6. Membership functions of inputs ε, 𝜀 ̇  
 

 

 
 

Figure 7. Membership functions of output variables 

 

 

5. SIMULATIONS AND DISCUSSION 

5.1.  Simulation of five nodes grid and system connected with DFIG-based wind farm 

A standard load flow study is based on the determination of voltage magnitude, phase angle, active 

and reactive in the buses. Generally, there are three types of buses: load bus, PV bus, and slack bus. In the 

load bus (known as PQ bus), the real and reactive powers are already determined and there is no production 

of energy. The voltage and real power produced by the PV bus (known as generator bus) are constant. The 

active and reactive power in the grid can be adjusted by the slack bus (known as the reference bus or swing 

bus). 

The aim presently is to study the main five nodes in the grid based on the Newton Raphson method 

[33]. This method is based on the determination of the voltage magnitude and the angle corresponding to 

each bus in the power system. Therefore, the active and reactive powers can be determined. The system 

under study is shown in Figure 9 and is composed of: 
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− Five buses (1 to 5) interconnected through three transmission lines (𝐿1 =  65 𝑘𝑚, 𝐿2 = 50 𝑘𝑚, and 𝐿3 =
50 𝑘𝑚) 

− Two power plants providing 2200 MW. The first power plant is considered a slack bus providing the 

nominal power of 1200 MW. The second power plant is considered a PV bus which provides 1000 MW. 

The plant models include a power system stabilizer (PSS), an excitation system, and a speed regulator. 

− Two transformer banks Tr1 and Tr2 characterized by 60 𝑘𝑉/220 𝑘𝑉.  

− The load bus is characterized by an active power of 500 𝑀𝑊 and a reactive power of 20 𝑀𝑉𝐴𝑅. 

The integration of a wind farm into the power system can cause many disturbances. To study the 

disturbances caused by this integration, two simulations are proposed. In simulation 1 (Figure 9), there are 

two power plants. In simulation 2 (Figure 10), one of the power plants is replaced by a wind farm and it is 

considered as a power generator (PV bus) of 9 MW. 
 

 

 
 

Figure 8. The grid schema with two power plants 
 
 

 
 

Figure 9. DFIG-based wind farm connected to the system 
 

 

The curves of the voltage magnitude (𝑉𝑝𝑜𝑠) corresponding to each bus are illustrated in Figure 11 

and Figure 12. By comparing these results, it is noticed that, when the UPFC is not introduced, a significant 

voltage drop is observed in bus 5. To show also the impact of the integration of the wind farm before and 

after integration, the curves of active (Figure 13 and Figure 14) and reactive powers (Figure 15 and  

Figure 16) are plotted respectively. Upon the start of the wind farm, this latter absorbs the active and reactive 

powers. This remark is confirmed by comparing the results given in Figure 14 and Figure 16 with those 

shown in Figure 13 and Figure 15, respectively.  
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The simulation results of the voltage magnitude, real power, reactive power, and phase angle 

corresponding to buses 1 to 5 are summarized in Table 1. For simulation 1, these results show that the 

obtained voltage in each bus varies between 0.97 𝑃𝑈 and 0.98 𝑃𝑈. In the 5th bus, denoted load bus, the real 

and reactive powers converge respectively to: 𝑃 = 495.2 𝑀𝑊 and 𝑄 = 19.81 𝑀𝑉𝐴𝑅. By comparing these 

values to the requirements of the load (500 𝑀𝑊, 20 𝑀𝑉𝐴𝑅), it is seen that this load can be satisfied.  

Furthermore, by comparing the voltage values given in Table 1 and Table 2, it is shown that the 

voltage values are decreased in simulation 2. This confirms that the integration of the wind farm also disturbs 

the voltage. Finally, from the results obtained in the 5th bus (load node), we conclude that the load is now not 

satisfied, because we only obtain 𝑃 = 460.8 𝑀𝑊 (less than the required active power 500 𝑀𝑊) and 𝑄 =
18.43 𝑀𝑉𝐴𝑅. 

 

 

  
  

Figure 10. The curves of Vpos of each bus, obtained 

from simulation 1 

Figure 11. The curves of Vpos of each bus, obtained 

from simulation 2 

 

 

  
  

Figure 12. The curves of active powers obtained 

from simulation 1 

Figure 13. The curves of active powers obtained 

from simulation 2 

 

 

  
  

Figure 14. The curves of reactive powers obtained 

from simulation 1 

Figure 15. The curves of reactive powers obtained 

from simulation 2 

 

 

Table 1. The obtained results from simulation 1 corresponding to each bus 
Bus B1 B2 B3 B4 B5 

P (MW) -159.1 6.769 6.753 496.4 495.2 

Q(MVAR) 10.35 -0.37 0.23 36.01 19.81 

V(PU) 0.98 0.98 0.98 0.98 0.97 

ɖ(°) 12.98 8.897 6.51 14.72 4.946 
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Table 2. The obtained results from simulation 2 corresponding to each bus 
Bus B1 B2 B3 B4 B5 

P (MW) -464.8 15.9 15.8 452.5 460.8 
Q(MVAR) -77.02 3.074 2.55 32 18.43 

V(PU) 0.98 0.98 0.96 0.94 0.94 

ɖ(°) 12.98 8.897 6.51 14.72 4.946 

 

 

5.2.  System connected to DFIG-based wind farm and UPFC  

To control the power flow and to avoid disturbances caused by the integration of the wind farm, 

examples of simulations using the UPFC are proposed (Figure 17). There are two simulations. In the first one 

(simulation 3), we used a UPFC. In the second one (simulation 4), we improved the control of the UPFC by 

implementing a FLC. The obtained results from simulations 3 and 4 corresponding to each bus are 

summarized in Table 3 and Table 4. In simulation 3, it is seen that the voltage value in the 3rd bus increased 

from 0.96 𝑃𝑈  (Table 2) to 1.06 𝑃𝑈  (Table 3). Also, the voltage in the 4th and 5th buses increased from 

0.94 𝑃𝑈 to 0.95 𝑃𝑈.  

 

 

 
 

Figure 16. System connected to DFIG-based wind farm and UPFC 

 

 

The plots of voltage magnitude (𝑉𝑝𝑜𝑠), the real power, and the reactive power (corresponding to each 

bus), obtained in simulations 3 and 4, are given in Figures 18 and 19, Figures 20 and 21, and Figures 22 and 

23, respectively. These results confirm that the voltage values of the system have been improved using the 

UPFC. Furthermore, it is noticed that the characteristics of the load bus (5th bus) have been also improved. 

Specifically, the real power has increased from 𝑃 = 460.8 𝑀𝑊  to 471.5 𝑀𝑊  and the reactive power 

becomes 𝑄 = 18.86 𝑀𝑉𝐴𝑅.  

 

 

  
  

Figure 17. The curves of Vpos of each bus, obtained 

from simulation 3 

Figure 18. The Vpos curves of each bus, obtained from 

simulation 4 
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Figure 19. The active power curves obtained from 

simulation 3 

Figure 20. The active power curves obtained from 

simulation 4 

 

 

  
  

Figure 21. The curves of reactive powers obtained 

from simulation 3 

Figure 22. The curves of reactive powers obtained 

from simulation 4 

 

 

The obtained results from simulations 3 and 4 corresponding to each bus are presented at Table 3 

and Table 4. These results show that the voltage corresponding to buses 3, 4, and 5 has been improved, 

compared to those obtained above. For convenience, the grid parameter values (P, Q, and 𝑉𝑝𝑜𝑠) obtained in 

the 5th bus are recapitulated in Table 5. The values of 𝑉𝑝𝑜𝑠 obtained in 3th and 4th buses are also given in  

Table 6. These results show that the best values are given using the UPFC controlled by a FLC (simulation 4). 

 

 

Table 3. The obtained results from simulation 3 

corresponding to each bus 
 

Table 4. The obtained results from simulation 4 

corresponding to each bus 
Bus B1 B2 B3 B4 B5  Bus B1 B2 B3 B4 B5 

P (MW) -467.5 24.49 48.46 455.2 471.5  P (MW) -469.2 28.46 51.92 458.9 474.7 

Q(MVAR) -58.93 -1.91 47.18 14.93 18.86  Q(MVAR) -51.86 -7.79 65.9 7.83 19 
V(PU) 0.98 0.98 1.06 0.95 0.95  V(PU) 0.99 0.99 1.108 0.96 0.96 

ɖ(°) 12.98 8.897 6.51 14.72 4.946  ɖ(°) 12.98 8.897 6.51 14.72 4.946 

 

 

Table 5. The grid parameter values (P, Q, and 𝑉𝑝𝑜𝑠) 

in bus 5 

Table 6. The grid parameter values 𝑉𝑝𝑜𝑠 in bus 4 and 

bus3 
 P (MW) Q(MVAR) 𝑽𝒑𝒐𝒔 (PU) 

Bus B5 B5 B5 

1st simulation 495.2 19.81 0.97 

2nd simulation 460.8 18.43 0.94 
3th simulation 471.5 18.86 0.95 

4th simulation 474.7 19 0.96 
 

 𝑽𝒑𝒐𝒔 (PU) 

Bus B4 B3 

1st simulation 0.98 0.98 

2nd simulation 0.94 0.96 
3th simulation 0.95 1.06 

4th simulation 0.96 1.108 
 

 

 

5.2.1. The main conclusions of this results section 

For convenience, the main conclusions of this results section are: Firstly, when there is no wind 

farm connected to the grid, the system does not present any perturbation. Secondly, when a wind farm is 

connected to the grid, the system performance has deteriorated. Thirdly, a UPFC is used to ameliorate the 

system’s performance. Then, the results show that the introduction of the UPFC improves the system’s 

performance. Finally, a FLC combined with the UPFC has been established. The obtained results show that 

the system performance has been significantly improved.  
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 5.2.2. Sensitivity analysis  

For convenience, the sensitivity analysis has been dealt. Then, in this sensitivity analysis, the 

following influencing parameters are chosen: the load active power (PAload), the load reactive power (PRload), 

the power wind farm (Pwind) and the position of the UFPC DisUPFC. The initial parameter values are  

PAload=500 MW, PRload=20 Mvar, Pwind=9 MW and DisUPFC=50 Km. The considered ranges of the parameters 

PAload, PRload, Pwind, and DisUPFC are [0 − 100] (𝐾𝑚), [0-550] (MW), [0-22] (Mvar) and [0-9.9] (MW), 

respectively. The results of this sensitivity analysis show that load active power is the most significant 

influencing parameter of the model. 

 

 

6. CONCLUSION 

This paper discusses the problem of the integration of wind turbines into the electrical grid. The 

wind turbines are based on DFIG machines. It is shown that the integration of the DFIG-based wind farm 

into the power system deteriorates the system performance. Especially, the power flow, the voltage drops, 

and the frequency response. To overcome these problems, the UPFC has been proposed. It is observed that 

the integration of the UPFC into the system improves its characteristics. To further improve the system 

characteristics, Fuzzy logic controllers have been used in the UPFC shunt and series regulators. The given 

results show that the system performances have been enhanced, especially the values of the active and 

reactive powers, and voltages in different buses. Accordingly, the implementation of the UPFC using the 

fuzzy logic controller is one of the best solutions to overcome the disturbances caused by the integration of 

DFIG-based wind farms into the electrical grid. The obtained numerical results show the effectiveness of this 

work. Furthermore, the problems caused by the wind farm integration to the grid are significantly reduced 

using the proposed FLC.  
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