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1.Introduction 
In the context of worldwide concerns over 

environmental issues caused by excessive greenhouse 

gas emissions and other toxic gases [1] from 

combustion generators, attention is shifting towards 

renewable energy sources (RESs) [24]. These 

sources are being recognized individually for their 

utilization of endless and clean natural. With rise of 

electric power demand and associated decline in 

conventional energy sources, one of the world's most 

effective and promising RES is wind energy [57]. 

  

 
*Author for correspondence 

Throughout the past decades, there has been a 

consistent increase in wind energy conversion system 

(WECS) integration across the globe. The integration 

of WECS into energy systems still has several 

technological problems, despite its growing 

popularity. These problems are caused by gusts of 

wind, disturbances at the load’s edge, and non-

linearities in power electronic components utilised 

and depending on type of generator being used 

[810]. One of the key considerations in this regard is 

power flow optimization, as it directly impacts 

operational costs and the ability to maintain control 

over various system parameters. To achieve 

maximum power delivery while meeting control 
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Power flow optimization is a critical aspect of power and control system design, aiming to minimize running costs while 

ensuring control variable tolerances and maximizing power delivery. The utilization of flexible alternating current 

transmission system (FACTS) particularly unified power flow controllers (UPFCs), enhances a system's power transfer 
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contributing to improved system performance and stability. A novel approach for enhancing flexibility and control in a 

doubly fed induction generator (DFIG)-based wind energy conversion system (WECS) was proposed. The technique 

involved the integration of a fuzzy-based control strategy for UPFC and the utilization of a cascaded adaptive neuro fuzzy 

inference system (ANFIS) to manage UPFC's series and shunt converters. Additionally, an improved butterfly 

optimization algorithm (IBOA) was introduced to ensure stability for DFIG-WECS. The methods were implemented and 

validated through simulations using MATLAB software. The effectiveness of the proposed approach was demonstrated 

through experimental results. The integration of cascaded ANFIS-based UPFC control and IBOA with WECS resulted in 

increased system power quality and stability. The total harmonic distortion (THD) of the system is reduced by 1.8%, 

indicating an enhancement in power quality. The application of UPFC and innovative control methodologies results in 

optimal power flow (OPF), maintaining stringent control variable tolerances in power systems. This research presents a 

systematic approach to enhancing flexibility and control in a DFIG-based WECS through the innovative use of UPFC 

and advanced control techniques. The proposed fuzzy-based UPFC control, in conjunction IBOA, significantly improves 
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variable tolerances, power flow optimization 

becomes a paramount concern. In the context of 

modern power systems, particularly those integrating 

RESs like wind power, maintaining power quality 

(PQ) and stability is of utmost importance. The 

variability and intermittency of RESs necessitate 

advanced control systems that can adapt to changing 

conditions effectively [1113].   

 

In WECS, various generator types often referred to as 

flexible alternating current transmission systems 

(FACTS) are used to regulate power and voltage at 

system's point of common coupling (PCC) during 

events that are not normal [14]. To control reactive 

power at PCC across various disruption occurrences 

at load side, WECS uses squirrel cage induction 

generators (SCIG) together with FACTS components 

such as static volt ampere reactive (VAR) 

compensator and static compensator (STATCOM) 

[1518]. However, poor starting torque, speed 

control and high current makes the generator 

unsuitable for WECS. It also comes with several 

disadvantages, including high capital costs, system 

complexity, maintenance requirements, and potential 

scalability challenges. The doubly fed induction 

generator (DFIG) has been quite popular in WECS 

[19], owing to its low starting cost, capability to run 

in changing wind speed, higher ratings of employed 

load and rotor side converters (RSCs), and capability 

for active and reactive power controllability [20]. 

However, DFIG's main disadvantage when used in 

WECS is that it is sensitive to load disruption events 

and changes in operating circumstances. The sporadic 

nature of wind power lead to PQ issues, including 

voltage and frequency variations. Additional power 

electronics and control systems may be needed to 

mitigate these issues and ensure that the power 

supplied to the grid meets quality standards [21]. 

Therefore, a necessary control strategy is required to 

increase stability of direct current (DC) link voltage. 

In DFIG-WECS, the traditional proportional integral 

(PI) [22, 23] controller has been frequently used. The 

primary challenge with PI controllers is correctly 

adjusting their parameters, which is a stimulating 

nonlinear problem [24].  Even with all of the 

aforementioned advantages, a conventional PI 

controller will not function as intended if the 

variables are not chosen appropriately.  This laid the 

groundwork for the development of contemporary 

optimisation techniques for best PI controller 

parameter adjustment [25]. Researchers have 

suggested a variety of sophisticated controllers to 

address the shortcomings of conventional PI 

controller, particle swarm optimization (PSO) is most 

widely utilised artificial intelligence techniques [26]. 

PSO algorithm's drawbacks include a poor rate of 

convergence during repetitive processes and an ease 

with which it easily enters local optimums in high-

dimensional space. In comparison to other swarm 

optimization algorithms, whale optimization 

algorithm (WOA) has some advantages, including 

faster convergence and fewer parameters to design. 

The method has been efficaciously functional to 

many classical mathematical optimization problems 

as well as to improve WECS dynamic performance 

[27]. Similarly, grey wolf optimization (GWO) [28, 

29] is introduced that enables the avoidance of local 

optima, quicker implementation, and little parameter 

adjustment. Despite, it merits the aforesaid 

algorithms faces challenges like slower convergence, 

poor localization and provides solutions with poor 

accuracy. Henceforth, butterfly optimization 

algorithm (BOA) is established to tackle the 

shortcoming. Regrettably, BOA is prone to local 

optimisation problems and inaccurate convergence 

[30]. As a result, it is suggested to use the improved 

butterfly optimization algorithm (IBOA), which is 

established on skew tent chaotic map, simplex 

approach, and Cauchy mutation. Moreover, it has 

advantages like high speed of convergence and 

enriched optimization accuracy. 

 

External devices, such as FACTS devices [31], are 

required for WECS' reactive power supply during 

problematic events. By supplying reactive power, 

these components are essential for enhancing 

integration of RESs into power system. As a result of 

physical connection between device and system, 

FACTS devices are categorized into three main 

categories: shunt, series, and series/shunt 

combination. Each of these categories has its own 

characteristics and application that make it unique 

[32]. A FACTS series device is utilized to increase 

transmission line's capacity as well as to adrequ the 

line's reactance to make it more efficient. In [33], 

series compensators, dynamic voltage restorers 

(DVRs), utilized for DFIG-WECS is highlighted. The 

voltage is supported by shunt devices that inject or 

absorb reactive power in response to voltage sags or 

swells, respectively. The control of load-connected 

RES is facilitated by shunt compensators such as 

static var compensator (SVC) and STATCOMs. 

Unified power flow controllers (UPFC), one of the 

FACTS devices, is recommended to enhance DFIG-

WECS performance because to its decoupled active 

and reactive power adjustment capacity. To increase 

system performance, RES must be integrated into the 

network on a broad scale. A UPFC is connected at 
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voltage point of mutual pairing in order to improve 

WECS' dynamic performance and system's transfer 

capacity [34]. Generally, power systems operate 

under varying and often unpredictable conditions. 

Factors such as changes in load demand, generation 

capacity, and grid topology can affect the power flow 

patterns. A control approach allows the UPFC to 

adapt to these changing conditions and ensure 

optimal operation. The usage of contemporary UPFC 

incorporated into network to enhance dynamic 

performance of WECS reduces PQ issues by 

enhancing the transmission capacity of dynamic 

control of alternating current (AC) network.  As a 

result, a necessary control approach is needed to 

improve the DC link voltage's stability. Thus, a 

number of artificial intelligence techniques, 

comprising artificial neural network (ANN) [35] and 

fuzzy logic controller (FLC) [36] were used in the 

past to stabilize power system settings in 

coordination with or without FACTS devices. 

However, ANNs can over fit to the training data, 

meaning they perform well on the training set but 

may not generalize effectively to unseen data or 

different operating conditions. This can lead to 

unreliable control performance in practical UPFC 

applications. Moreover, FLC struggle when dealing 

with highly complex and nonlinear systems, which 

can be a limitation when trying to control the 

dynamic behaviour of power systems with UPFC. 

The newly generated real-time dynamics were 

controlled using an intelligent control approach, 

specifically the adaptive neuro fuzzy inference 

system (ANFIS) technique [37]. ANFIS models lack 

transparency, making it difficult to understand the 

reasoning behind control decisions, which can be a 

concern for critical systems like UPFC. But real-time 

oriented parameter settings are essential and is 

performed in the proposed work with the utilization 

of cascaded ANFIS, another incredibly effective 

machine learning technique, to increase overall 

stability of system. Overall, the main challenges, 

including stability issues, power transfer ability, and 

controllability of both active and reactive power, 

need to be addressed.  

 

Taking these issues into consideration, a UPFC 

system was formulated in this work with the 

following objectives: 

 To provide enhanced DC link voltage stability. 

 To accomplish effective control of series and shunt 

converter of UPFC system. 

 To compare the proposed framework with other 

relevant existing topologies. 

The contributions of proposed work include: 

 Utilization of IBOA enhances the DC link voltage 

stability generated from DFIG-WECS. 

 Accomplishment of Cascaded ANFIS controller 

for effective control of Series and shunt converter 

of UPFC system, thereby which improves active 

performance of DFIG-WECS under gust and fault 

circumstances. 

 MATLAB Simulink is exploited to examine 

system efficiency in comparison with state of art 

approaches utilised to demonstrate a superiority of 

proposed controller. 

 

The remainder of the paper is organized as follows: 

Section 2 provides a review of related work. Section 

3 presents the description of the proposed work along 

with its modelling. Section 4 and 5 cover the 

outcomes of the results and their discussion. Finally, 

Section 6 provides the conclusion. 

 

2.Related works  
In the pursuit of optimizing PQ in the context of 

RES, this literature survey examines various 

innovative approaches and compensators applied to 

address challenges within grid-integrated systems. 

Spanning from the integration of unified power 

quality conditioner (UPQC) to the utilization of SVC, 

each study explores advanced control methods to 

enhance voltage stability, mitigate harmonics, and 

minimize power losses. Additionally, it highlights the 

need for further validation, particularly in terms of 

statistical significance, while acknowledging the 

promising potential of advanced control techniques 

for elevating PQ in renewable energy integration. 

 

Nagaraju and Shankar [38] discussed PQ issues 

arising from rapid nonlinear load growth by 

integrating a WECS with a UPQC. The approach 

combines integrated ant lion optimizer (IALO) and 

ANFIS for predicting UPQC control signals. The 

developed IALO-ANFIS, shows significant power 

loss reduction and voltage stabilization during load 

variations, enhancing overall power PQ. However, 

possess challenge related to computational 

complexity, data dependency, system integration and 

sensitivity to parameters. 

 

Maleki et al. [39] focused on simultaneous and 

coordinated control of UPFC and DFIG to enhance 

dynamic stability of a multi-machine power system. 

The control parameters are optimized using PSO 

algorithm, considering eigenvalues and damping ratio 

as objective functions. Simulation results 

demonstrate improved system stability and damping 

of oscillations, emphasizing the effectiveness of the 
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coordinated UPFC and DFIG control. The 

complexity of coordinating UPFC and DFIG 

controllers, along with data dependency for accurate 

optimization, pose challenges in affecting the 

feasibility and reliability of proposed method. 

 

Valuva and Chinnamuthu [40] utilized marine 

predator algorithm (MPA) to optimize PI controller 

parameters of a UPFC for reducing transmission line 

losses. The MPA-PI controller demonstrates superior 

performance, reducing active power losses from 

0.0622 pu to 0.0301 pu, resulting in a 68.39% loss 

reduction at 100% base load. The voltage profile in 

relevant buses is improved significantly, showcasing 

the effectiveness of proposed algorithm in 

minimizing losses and enhancing system stability. 

The proposed optimized controller outperforms 

existing algorithms, achieving better voltage profiles 

and substantial loss reduction. Despite complexity of 

MPA and its implementation might demand 

substantial computing resources.  

 

Moreno-Munoz et al. [41] focused is on enhancing 

PQ in a grid-integrated solar-wind energy hybrid 

system. The study addresses challenges related to AC 

loads and power generated by RES, which often lead 

to reactive power imbalances, voltage instability, and 

PQ issues. To mitigate these problems STATCOM is 

proposed as an adjustable reactive power source. The 

study explores the dynamic performance of system, 

considering factors such as harmonics generated by 

inverters, voltage variations, faults, and varying 

loads. The integration of a STATCOM is analyzed as 

an effective solution for dynamic reactive power 

compensation, but regular maintenance is required 

and possess challenges for renewable energy systems. 

 

Sindi et al. [42] presented a multi-microgrid 

connection using an adaptive power quality 

compensator (APQC) with series and shunt 

compensators, namely thyristor-controlled series 

capacitor (TCSC) and shunt active power filter 

(SAPF). The APQC's proportional integral derivative 

(PID) controller gains are optimized using a swarm 

intelligence-based puzzle optimization algorithm. 

The proposed APQC significantly improves PQ by 

enhancing voltage profiles and reducing harmonic 

distortions. However, challenges include the system's 

complexity due to multiple compensators and the 

sensitivity of optimization method to initial 

parameters. 

 

Dheeban and Muthu [43] discussed on improving PQ 

at distribution side using a UPQC integration, 

controlled by a hybrid combination of unit vector 

template and p-q theory. Conventional PI controllers 

are replaced with an ANFIS controller with a 

reinforced learning algorithm. The system also 

incorporates a fuzzy based controller, enhancing 

reference current generation and reducing THD 

levels. The integrated PV-UPQC system 

demonstrates stable performance under various load 

conditions, ensuring improved PQ. Challenges arise 

from the complexity of implementing advanced 

control techniques and the need for accurate training 

and tuning, potentially impacting system deployment 

and optimization. 

 

Sree and Ankarao [44] addressed challenges caused 

by solar photovoltaic systems and wind-based 

generators, emphasizing the need for advanced 

control to manage increased harmonics and 

deviations from power electronic converters. To 

tackle these issues, distributed power flow controller 

(DPFC) is proposed. They examine hybrid energy 

system using the DPFC mechanism, enhancing it 

with genetic algorithm (GA)-based fuzzy logic and 

GA-based ANFIS controllers for shunt control. These 

strategies significantly improve system performance 

by managing harmonics and deviations effectively. 

Moreover, implementing advanced control methods 

lead to increased computational complexity, 

decision-making and system stability in microgrid 

applications. 

 

Rahul and Geetha [45] introduced STATCOM and 

SVC systems incorporating a wind turbine generator, 

nonlinear load, and a hysteresis controller. Using 

SPSS analysis, the proposed novel method 

demonstrated an average value of 71.2857 (pq), 

surpassing the conventional method's 65.7143 (pq). 

Despite this improvement, the significance value 

(0.242) indicated statistical insignificance (p>0.05). 

The novel method effectively reduced voltage ripple, 

focused on limiting reactive power, and demonstrated 

swift issue resolution, enhancing system performance 

and stability. However, the lack of statistical 

significance requires further validation for broader 

utility. 

 

Samhitha and Manohar [46] presented a FLC based 

DVR to mitigate PQ issues in distribution system 

(DS). Operating as a series FACTS device, the FLC-

DVR injects voltage into DS, ensuring stability. 

Utilizing the FLC method, the DVR promptly 

responds to DS disturbances, enhancing PQ. The 

consequences of FLC-DVR's are demonstrated in 

terms of superior accuracy compared to a PI 
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controller, showcasing its effectiveness in 

maintaining voltage stability within DS. Despite its 

advantages, limitations include increased system 

complexity due to FLC implementation in tuning, 

necessitating specialized expertise for optimal 

performance in diverse operating conditions. 

 

Absar et al. [47] proposed a system by incorporating 

a SVC for improving PQ. Powered by wind and solar 

sources, the system aims to improve bus voltage 

profile, minimize power losses, and enhance power 

transmission capability. Analysis demonstrates that 

the presence of SVC leads to significant 

improvements, including a 2.9–3.3% voltage profile 

enhancement, a 2.1–2.4% reduction in branch losses, 

and a 7.5–9 unit increase in power transfer capability. 

These results underline the effectiveness of SVC in 

ensuring a more stable and efficient power supply, 

making it a valuable addition to grid-integrated 

renewable systems. Still, potential drawbacks cost-

effectiveness and long-term operation limits the 

system. 

 

The study addresses PQ challenges in renewable 

energy systems through innovative control methods 

and compensators such as UPQC, DPFC, and SVC. 

These approaches show substantial improvements in 

voltage stability, harmonic reduction, and power loss 

minimization, thereby enhancing overall PQ. 

However, limitations arise from challenges such as 

computational complexity, data dependency, and 

system integration complexity. Additionally, further 

validation is needed, particularly regarding the 

statistical significance of some methods. Despite 

these challenges, the integration of advanced control 

techniques and compensators offers promising 

solutions for enhancing PQ in grid-integrated 

renewable energy systems. 

 

3.Materials and methods 

Much progress has recently been made in integrating 

RES into the electrical system. Degrees of 

penetration of renewable electricity have a significant 

impact on reactive power, which is in essence a basic 

aspect in an operation of the power system. This has 

opened the door for the development of sustained 

voltage and dynamic/transient stability problems. 

Thus, it is crucial to maintain and manage sufficient 

reactive power reserves in order to establish a reliable 

and sustainable supply of electricity. As seen in 

Figure 1, a UPFC system with cascaded ANFIS 

controller has been accomplished for effective 

operative in the event of faults. 

 

 
Figure 1 The proposed system's architecture 

 

A proposed work engages DFIG for WECSs owing 

to low converters rating, cost - effectiveness, and 

versatility in variable wind speed operation. For 

controlling of DFIG-WECS system, the proposed 

work utilized IBOA, which is a nature inspired 

metaheuristic approach used in tuning of PI 

parameters.  Inappropriately, the operational 

circumstances and disturbance occurrences on the 

load side have an impact on DFIG's performance. 

This covers high winds, voltage changes, and failures 

at DFIG and load's PCC. One of the key problems 

with electric system management is reactive power 

adjustment, as it raises transmission losses and 

lowers the ability of transmission lines to transmit 

power. Therefore, FACTS device like UPFC is 

adopted, as it is a flexible, composite power 

electronic device that has become an essential tool 

for managing and improving flow of power in power 
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transfer systems. The converters at UPFC controlled 

with the assistance of cascaded ANFIS controller, 

with direct quadrature (DQ) theory for generation of 

reference current. With the proposed UPFC, a voltage 

profile of the hybrid system is enhanced as well as 

the transient capability is improved. 

3.1Modelling of UPFC 

Figure 2 presents the UPFC's schematic 

representation. STATCOM and static synchronous 

series compensator (SSSC) were synthesised to 

create UPFC. It is comprising of two voltage source 

converters (VSC) powered by power electronics that 

are connected on the DC side by a shared capacitor. 

 

 
Figure 2 Schematic representation of UPFC 

 

A shunt transformer     and a series transformer      

are used to link these two converters to the 

transmission line, respectively, in shunt and in series. 

To independently control voltage at coordinated point 

of AC system, shunt converter      is used. Also, it 

is capable of supplying active power flow that is 

transferred between the transmission line and series 

converter. A series converter,    , injects a voltage 

    through a transformer     into the transmission 

line as the main function part, controlling reactive 

and active power flow by varying the voltage     and 

phase angle     at a power frequency, with 

controllable magnitudes and phase angles. The DC 

link gives these two converters a way to share active 

power. 
3.1.1Mathematical modelling of UPFC 

(a)Shunt Part 

The shunt portion of UPFC is thought of as an ideal 

leakage reactance of shunt transformer     linked 

with a controlled voltage source     in Figure 3 (a). 

Considering, the reference vector as sending end 

voltage  ̇, the shunt converter’s output voltage    
̇  is 

written in terms of orthogonal vectors 

as       and       as mentioned in Equation 1. 

                   ̇                          

     (1) 

     

The current from AC system flowing through shunt 

converter is expressed in Equation 2. 

   ̇                 
  ̇    ̇

    
  (2) 

 

 
                            

    
   (3) 

 
            

   
  

               

   
  (4) 

 

The direct and quadrature axis component of induced 

current is specified as        and      , respectively. 

Hence, the amount of power that the shunt converter 

absorbs from AC system is given as expressed in 

Equation 5. 

           ̇ ̇  
           

           
   

     (5) 

 
               

   
  

  
                

   
  (6) 

 
          

   
  

  
           

   
   (7) 

 

As shown in Figure 3(b), the series portion of UPFC 

is also compared to an ideal adjustable voltage source 

   ̇  in terms of magnitude and phase angle. As a 

result, power flow between this voltage source 

and AC system is exchanged as a result of current 

line      
̇  running through it. For both series reactance 

    and line reactance    is a hypothetical voltage 

known as  . The flow of power in series part is 

expressed in Equations 8 and 9. 

   
          

  
 

              

  
  (8) 

   
  

 

  
 

              

  
   (9) 
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Figure 3 Equivalent circuit of (a) Shunt part (b) Series part 

 
(b)Series part 

The sending and receiving end voltage space vector 

is denoted as   ̇ and  ̇ . In addition, the phase 

difference between   ̇ and  ̇  is denoted as   . By 

assuming that    , the Equations 8 and 9 that 

follow the relationship between control vectors of 

series component depicted in Figure 4 are further 

derived, leading to the formulas mentioned in 

Equations 10 and 11. 

 

 
Figure 4 Vector graphic at series part 
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          (11) 

 

For effective controlling of UPFC system, the 

proposed work establishes Cascaded ANFIS 

controller, resulting in improved system stability with 

minimized transmission loss. The following section 

details the performance of proposed controller. 

 

3.2Cascaded ANFIS controller 

To provide the best possible power flow in network, 

the voltage and current of UPFC is coordinated by 

cascaded ANFIS controller. The cascaded ANFIS 

controller is made up of several ANFIS controllers 

interconnected in a hierarchical structure, each of 

which is in charge of controlling a different function 

of system. 

 

Using neural network and fuzzy logic, the ANFIS 

algorithm combines two separate approaches. The 

first layer of ANFIS is input, and last layer is output. 

On the second layer, fuzzy logic is used to construct 

membership functions. The membership function 

which was previously generated is combined into a 

third layer. Before passing them on to the final layer, 

it creates the output, the subsequent layer defuzzies 

the third and fourth levels' outputs. ANFIS, on other 

side, converts absolute values into fuzzy values as 

inputs. The membership functions and rules are used 

to construct fuzzy reasoning. Fuzzy values are then 

converted to crisp values after that. Cascaded ANFIS 

algorithm is a repeated ANFIS technique with two 

primary inputs and one main output. The 

development of this method is shown in Figure 5.  

This method is used in conjunction with ANFIS 

because iterations will monitor the solution to be 

more precise than ANFIS technique with five layers. 

 

Two primary modules constitute the Cascaded 

ANFIS technique: Module 1: Pair Selection and 

Module 2: Training.  

 

The pair selection part provides a solution to the first 

major drawback of ANFIS. Prior to employing an 

algorithm, it is customary to minimize the input 

features. The present method is unique in that it 

makes use of every feature to create a robust model, 

making it particularly helpful for datasets with a lot 

of clutter. The issue of computational complexity is 

addressed through the innovative training module of 

the cascaded ANFIS method. The following are the 

detailed introductions to each phase. 
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Figure 5 Flow diagram of cascaded ANFIS 

technique 

 
3.2.1Input module 

Here, cascaded ANFIS model receives raw inputs. 

The pair selection module is first used to pair inputs.  

In this ANFIS system, all solution points are 

determined by a single module of two input ANFIS 

models.  The application of the ANFIS model with 

two inputs is further addressed in the section that 

follows. 
3.2.2Pair selection module 

Sequential feature selection (SFS) is utilized in pair 

selection module. Figure 6 illustrates the complete 

pair selection process.  In this method, the best match 

is determined by analyzing two input variables and 

one output variable using the ANFIS model. 

 

The matching pair is the final output, as shown in 

Figure 6. To go through the two pairs of pairs, a 

nested loop is used. There are    input variables in 

the Figure 6. The first two input variables are chosen 

and given the names       and      . As seen 

in Figure 6, they serve as one of two inputs 

for ANFIS model. After computing and storing root 

mean square error (RMSE), the current RMSE 

     is compared to prior RMSE       . The 

suitable pair is identified after the second loop by 

looking at the value with least RMSE. The training 

phase is started once the pairings have been chosen. 
3.2.3Training module 

ANFIS model with two inputs is employed again.  

Considering that input variables are matched with 

best match from previous module, input in passed 

straight to ANFIS, which produces present outputs 

and RMSE for each set of data. In addition, a target 

error has been predefined at this stage. As a result, 

the target RMSE and error are compared. The 

operation ends if target error is attained. The 

algorithm moves to next iteration if not. The 

Cascaded ANFIS model's advancement is explained 

using an example strategy is shown in Figure 7. 

Assume that the optimisation problem named 

         and   has four input variables, shown in 

Equation 12. 

                      (12) 

 

 
Figure 6 Structure of pair selection 

 

According to the description an input is matched with 

best match as mentioned in Equation 13 below. 

                                          (13) 

 

Then, two outputs-      and the anticipated output 

     are produced for each pair utilizing two-input 

ANFIS models (Yi). These Equations 14 and 15 

are used to produce them. 

     √      ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅   (14) 

        *∑
         

 

 

 
   +

 

 
  (15) 

 

  
  

     
   

  

     
   

  

     
   

  

     
    

     (16) 
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Figure 7 Illustration of training module using cascaded ANFIS 

 

Where   and   stand for the respective actual and 

anticipated results. The sample size is  . The first 

iteration is finished when RMSE and   findings are 

obtained. The RMSE error and goal error 

is compared, and the next iteration is chosen based 

on results. The unique feature of advancing to next 

iteration is that the results from the previous 

iteration          and    serve as inputs 

for subsequent iteration. To generate control signals 

for these converters, the Cascaded ANFIS-based 

controller typically follows a multi-step process: 

Input Selection: The cascaded ANFIS controller 

begins by selecting appropriate input variables or 

features that are relevant to the control task. These 

inputs can include various measurements and system 

parameters, such as voltage, current, power flow, and 

grid conditions. The selection of input variables 

depends on the specific control objectives for the 

shunt and series converters. Data Collection and 

Preprocessing: Historical or real-time data is 

collected to train the ANFIS controller. This dataset 

should cover a range of operating conditions and 

system disturbances to ensure controller's robustness. 

Data preprocessing may involve normalization or 

scaling of input data to improve training efficiency. 

Rule Base Generation: Cascaded ANFIS generates a 

rule base, which consists of fuzzy rules that describe 

relationship between the selected input variables and 

the desired control outputs for the shunt and series 

converters. These rules are constructed based on the 

available training data and the linguistic terms 

defined for input and output variables. 

 

Membership Function Adjustment: The membership 

functions linked to linguistic terms are adjusted to 

accurately depict the fuzzy rules. This adjustment 

process helps capture the system's nonlinear behavior 

and adapt to changing operating conditions. 

 

Fuzzy Inference: The ANFIS controller employs 

fuzzy inference to determine the appropriate control 

actions. For each input set, the controller activates 

relevant fuzzy rules based on degree of membership 

of the input values in the linguistic terms. The output 

of each rule is weighted by the rule's firing strength. 

Defuzzification: The control signals generated by the 

fuzzy inference process are then aggregated and 

defuzzified to obtain crisp control signals. The 

defuzzification process converts the fuzzy output into 

a precise control action that can be applied to shunt 

and series converters. 

 

Control Signal Output: The final step is to output the 

control signals for the shunt and series converters 

based on defuzzified values. These control signals 

will typically specify the required modulation or 

adjustment for each converter to achieve desired 

power flow control objectives. 

 

The cascaded ANFIS control strategy for shunt and 

series converters of a UPFC is designed to 

dynamically adjust voltage levels to maintain 

stability during voltage swell or sag events. Before 

adjusting voltage levels, the ANFIS control system 

first detects the occurrence of a voltage swell 

(increase in voltage) or sag (decrease in voltage). 

This detection is typically done using real-time 

measurements from sensors placed in power DS. In 

response to voltage sag, the shunt converter of the 

UPFC can inject or absorb reactive power into 

system. The cascaded ANFIS controller calculates 

the appropriate amount of reactive power required to 

mitigate the voltage sag. It utilizes a combination of 
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neural network-based learning and fuzzy logic to 

make real-time decisions. The control system 

considers factors such as the magnitude and duration 

of the sag to ensure an accurate and fast response. 

The series converter of UPFC can control the voltage 

magnitude and phase angle. In the case of a voltage 

swell or sag, the ANFIS controller adjusts the series 

converter's output to regulate the voltage levels at the 

load end. It calculates the required phase shift and 

magnitude of the voltage to correct the sag or swell. 

Again, the cascaded ANFIS system employs its 

learning capabilities to adapt quickly and accurately 

to changing system conditions. The speed of the 

ANFIS control strategy is generally considered to be 

fast, as it operates in real-time and continuously 

monitors the system's voltage conditions. ANFIS 

controllers can make adjustments within 

milliseconds, allowing them to respond rapidly to 

voltage swell or sag events. This rapid response helps 

in maintaining system stability and minimizing the 

impact on connected loads. The system uses a 

combination of neural networks and fuzzy logic to 

model complex relationships between system 

variables and determine the precise control actions 

needed to correct voltage deviations. This high 

accuracy ensures that the voltage levels are adjusted 

as close as possible to the desired values, minimizing 

any overcorrections or oscillations. 

 

Additionally, the control objectives, input variables, 

and linguistic terms defined in the cascaded ANFIS 

models are customized to suit the requirements of the 

UPFC application and the specific goals of power 

flow control. Overall, cascaded ANFIS-based control 

for UPFC provides a flexible and adaptive approach 

that can effectively handle the nonlinear and dynamic 

characteristics of power systems, helping to enhance 

grid stability and control. Cascaded ANFIS-based 

control allows for more precise and adaptive control 

of shunt and series converters.  

 

This can lead to improved control of power flow in 

transmission network. As a result, the UPFC can 

enhance the power system's ability to transfer power 

efficiently, reduce congestion, and optimize the 

utilization of transmission lines.  

 

3.3Generation of reference signal by    theory  

Reference frame synchronization is also known as    

control. The voltage/current signals       are first 

transformed using Clarke's Transform as shown 

in Equation 17 to the orthogonal stationary 

frame      , then by applying Park's 

Transformation stated in Equation 18 

to synchronously rotating reference frame     . The 

inverse transformation from       to       

frame specified by Equation (19) must be performed 

in order to create the reference signals and transform 

them back to the original frame. 

 

Using Clarke's Transformation, the transition 

from     reference frame to stationary      , 

reference frame is given in Equation 17. 
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The variable under assumption is represented as   

which is either voltage/current. The conversion of 

      to synchronously rotating       frame is 

expressed in Equation 18. 
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Inverse of Park’s Transformation is given in Equation 

19, 
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Similarly, inverse expression for Clarke’s 

Transformation is expressed in Equation 20. 
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The adoption of dq theory in the proposed work 

eliminates the harmonics present, provides transient 

benefits, and alleviates PQ issues to the system.  

 

3.4Modelling of DFIG-WECS 
3.4.1Turbine modelling 

The schematic representation of DFIG based WECS 

is illustrated in Figure 8. Wind speed directly affects 

the kinetic power, which is determined by Equation 

21. 

   
 

 
          

    (21) 

 

From the expression above speed of wind is specified 

as  , density of air as  , circulated area by turbine 

blades as   and efficiency of power conversion as  . 

Also, aerodynamic torque   is written as in Equation 

22. 

   
  

  
 

 

   
          

   (22) 

 

Where, speed of turbine is denoted as   . 
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3.4.2Modelling of DFIG 

A folded rotor asynchronous generator known as 

DFIG links grid straight to stator and rotor to 

converter. For sake of simplification, DFIG dynamic 

model is utilised to express in any dq frame with 

rotation. The expressions for stator and rotor are 

described in Equation 23. 
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 (23) 

 

Here, the stator and rotor indices are indicated by   

and  , synchronous reference frame as   and  , 

resistance as   and the parameters like electrical 

frequency, flux, current and voltage as       and  . 

Flux equations are so represented as in Equation 24. 

{
 

 
              

              

              

              

   (24) 

 

Here, inductance and mutual inductance are indicated 

by   and  .  

The DFIG-WECS's mechanical equation is provided 

in Equation 25. 

 
  

  
             (25) 

 

The total inertia of turbine is denoted as  , speed of 

DFIG as , electromagnetic torque as    and 

coefficient of damping as  . Hence, the expression 

for     is 

     
 

  
                 (26) 

Here, number of poles in DFIG pairs is written as p. 

The active and reactive power at stator side is given 

as in Equation 27. 
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Figure 8 Schematic representation of DFIG -WECS 

Hence, to control the DFIG system PI controller is 

established. However, it is crucial to have a well-

tuned PI controller to maximise DFIG based WECS. 

To fine tune PI controller parameters in a DFIG 

based WECS, improved butterfly optimisation 

approach is utilized. The following section entails the 

optimization approach. 

 

3.5Improved butterfly optimization algorithm 

A metaheuristic optimisation method called the 

butterfly optimisation algorithm was developed in 

response to observations of butterfly behaviour in the 

wild. It is a relatively recent method that has 

produced encouraging outcomes when used to solve 

optimisation issues. A PI controller's parameters is 

adjusted in this work using IBOA. The performance 

of IBOA is a variation of BOA as seen in Figure 9 

that has been enhanced by incorporating a number of 

changes. A dynamic search range, an adaptive 

mutation operator, and the usage of a modified 

iteration equation are a few of these modifications. 
3.5.1Initialization of chaotic map population 

The benefits of unpredictability, traversal, non-

repeatability, etc. are all advantages of chaotic 

sequences produced by chaotic mapping. They are 

frequently used in the field of optimisation to 

construct the population's initial position, which 

significantly increases population's diversity. Table 1 

specifies the parameter specifications of proposed 

IBOA. Here, the butterfly population is initialised 

using skew tent chaotic mapping, whose specification 

is given in Equation 28. 

     {

  

 
               

    

   
               

  (28) 

Here,   denotes random number ranging from 0 to 1. 

 
3.5.2Cauchy variation 

The Gauss density function and Cauchy density 

function are comparable, but Cauchy distribution 

generates random numbers with a wider distribution 

range and a higher two-wing probability attribute, 

which enhances the algorithm's global search 

efficiency and makes it simple to depart from local 

optimum. Equation 29 is an expression for the 

Cauchy distribution function: 

      
 

 
 

 

 
      (

 

 
)   (29) 

 

Here, t is the proportional function with positive 

value. In both global and local search, the Cauchy 

operator is used to modify specific regions, making it 

simpler for algorithm to depart from local optimal 

value and enhancing algorithm accuracy. The 
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following changes have been made to the global 

search phase's location (Equation 30). 

  
      

           
                  

(30) 

 

The following changes have been made to the local 

search phase's location (Equation 31). 

  
      

         
    

     
                 (31) 

 

 
Figure 9 Flowchart for IBOA 

 

Table 1 IBOA specifications 

Parameters Specification 

Population Size 25 

Maximum number of iterations 500 

  0.5 

Mutation Probability 0.002 

Crossover Probability 0.5 

Inertia Weight 0.8 

 
3.5.3Simplex technique 

This method benefits from a simple theory, compact 

computation, fast convergence, and robust local 

search ability. It significantly increases BOA's 

capacity for local development and search precision. 

The best, second best, and worst locations are 

identified using the simplex approach, which requires 

building n + 1 vertex polyhedrons in n-dimensional 

space, by evaluating and contrasting each vertex's 

fitness scores. A new polyhedron is constructed, 

iterating, and gradually getting closer to the ideal 

point by reflection, enlargement, shrinkage, and other 

tactics. The procedures are stated as follows: 

Step 1: Evaluate fitness value each vertex, order 

them by importance, and identify the best point  , 

the second-best point  , and the worst point  . 

Step 2: Determines optimal point   at centre, as well 

as the secondary advantage's  , which is accounted 

for as  . 

Step 3: The reflection point is obtained by reflecting 

the worst point  ; this reflection point is then 

recorded as  , and is stated as in (32): 

                 (32) 

 

Here, reflection coefficient is indicated as   and 

values 1. 

Step 4: In case            , the expansion 

procedure is carried out, the reflection direction is 

accurate, and the extension point is acquired. This 

point, identified as  , is stated as in (33): 

 

                    (33) 

 

In the expression above   defined expansion factor 

with value 1.5. 

In case when            , the expansion point    

exists, the worst point    is substituted; if 

not, reflection point    exists. 

Step 5: In case, when            , reflection is 

not directed correctly. In order to obtain the 

compression point, there is compression, which is 

expressed as   in Equation 34: 

                 (34) 

 

Compression factor is indicated as   with value 0.5. 

In case, when            , the compression point 

   replaces the position of worst point  . 

 

Step 6: At instance, when                  , 

the contraction point, which is recorded as  , is 

obtained by performing a contraction operation and is 

expressed as in Equation 35: 

                 (35) 

 

4.Results  
This section explores an efficacy of proposed control 

strategy in alleviating PQ issues. The adoption of 

novel control strategy for effective control of UPFC 

system is examined using MATLAB software and 

parameters utilized is listed in Table 2. Moreover, 

efficacy of DFIG-WECS with IBOA is also tested. 

The examination is performed under two test 

conditions with step magnitudes of +0.3 and -0.3, and 

the outcomes are as follows. 
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 Table 2 Specification of parameters 

Parameter Specification 

                     

                        

                     

                10mH 

 

Case 1: With Step Magnitude +0.3 

An assessment for dynamic performance of proposed 

WECS fed UPFC is conducted in case 1 under high 

voltage swell conditions. This case is characterized 

by a voltage swell of 0.3 pu between 0.1 s and 0.2 s 

which affects the source voltage. As compared to 

case 2, Figure 10 shows that magnitude of the current 

is reduced during voltage swell. By considering 

phase A of both these parameters, as displayed in 

Figure 10, it is easier to understand the variations 

that is seen in source current for different levels of 

voltage swell. It is observed that both the load current 

and load voltage waveforms during the experiment 

were steady, which indicates proposed WECS fed 

UPFC has the capacity to balance voltage swell as 

well. There is also a waveform on Figure 10 showing 

the reactive and the real power during voltage swell. 

As shown in Figure 11, the series compensator 

produces essential voltage signal with opposite phase 

to mitigate for voltage swell. The voltage required to 

compensate swell condition is achieved with the 

adoption generation of reference signal using    

theory. 

 

Case 2: With Step Magnitude -0.3 

In Case 2, the proposed WECS fed UPFC is 

evaluated for its practicability, application, and 

transportability in aspect of Voltage sag, and 

waveforms related to this evaluation is depicted in 

Figure 12 and Figure 13. As is seen in Figure 12, a 

400V source voltage encounters a 0.3pu voltage sag 

between 0.1s and 0.2s during the period. As a result 

of this occurrence of voltage sag, the input current 

experienced a significant increase to 50A in 

magnitude.  One phase (phase A) of each of these 

factors is taken for a thorough comprehension of its 

source voltage and current waveform in instance 1.    

The proposed architecture effectively rectifies 

voltage sag, as shown by load side waveforms, which 

also show stability for both load voltage and current.  

Furthermore, unity power factor is retained because 

of accurate voltage sag compensation. The 

waveforms of actual and reactive power for case 2 is 

also shown in Figure 12. 

 

Along with voltage and current signals of UPFC, 

Figure 13 also shows the reference voltage and 

current signals.  DQ theory and Cascaded ANFIS 

controller are used to create reference signals for the 

compensators. It has been noted that compensators 

produce the required voltage to correct the voltage 

sag problem. Upon analysing the load side 

waveforms, it is evident that this design has 

effectively rectified voltage fluctuations, as both load 

voltage and current waveforms now demonstrate 

stability. This stability signifies the absence of 

significant deviations or fluctuations in the electrical 

supply. Moreover, the system maintains a unity 

power factor, indicating efficient power utilization, 

thanks to its precise compensation for voltage sags. 

In essence, this design successfully ensures a 

consistent and high-quality electrical supply, critical 

for the reliable operation of connected electrical 

devices and systems. 

 

The waveform representing DFIG output is shown in 

Figure 14. It is observed that, with minor fluctuations 

at the initial stage a stabilized voltage of 550V is 

attained after 0.1s, and maintained constant 

throughout the system. Hence, controller operation is 

essential to maintain stabilized voltage. 

 

The rectifier output with the adoption of PI and 

IBOA-PI controller is shown in Figure 15. Utilizing 

PI controller, produces voltage with minor 

fluctuations. When PI controller is tuned using IBOA 

a stabilized voltage of 600V is obtained at 0.08s and 

maintains constant further. 

 

The total harmonic distortion (THD) comparison for 

current achieved by the proposed work is illustrated 

in Figure 16. It is noticed that, a minimized THD 

value of 1.8% is achieved with proposed cascaded 

ANFIS controller, which results in effective 

mitigation of PQ disturbances. 

 

A comparative study for THD in terms of current is 

illustrated in Figure 17 for control approaches like 

PI, FLC, CFLC and Cascaded ANFIS. From the 

observation a minimized THD value of 1.8% is 

obtained using proposed cascaded ANFIS, while 

approaches like PI, FLC and CFLC attains a THD 

value of 5.24%, 3.12% and 2.12% respectively. 

 

The output responses of controllers such as PI and 

IBOA-PI are listed in Table 3. It is observed that 

when the PI controller is tuned using IBOA, the DC 

link voltage settles faster than with the PI controller 

alone, resulting in enhanced DC link voltage stability.
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Figure 10 Case 1 with step magnitude +0.3 
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Figure 11Compensator waveform for case 1 

 

 
Figure 12 Case 2 with step magnitude -0.3 
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Figure 13 Compensator waveform for case 2 

 

 
Figure 14 DFIG output waveform 

 

 
Figure 15 PWM Rectifier Output (a) PI Controller (b) IBOA-PI controller 
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Figure 16 THD waveform 

 

 
Figure 17 Comparison of THD 

 

The graphical representation of convergence in terms 

of cost for BOA and IBOA is illustrated in Figure 18. 

The convergence speed of IBOA is faster when 

contrasted with BOA. Cascading ANFIS models can 

enhance convergence by breaking down complex 

problems into multiple stages. Each stage focuses on 

a specific aspect of the problem, making it easier for 

the model to learn and adapt. This can lead to faster 

and more reliable convergence during the training 

process. Hence, it is concluded that the utilization of 

IBOA results in predicting optimal outcomes. 

 

Table 3 Comparison of output response 

Controller Peak time Rise time Settling time 

PI 0.01 0.01 0.1 

IBOA-PI 0.01 0.01 0.08 

 

The comparative study of error performance for 

approaches like PI, FLC, and Cascaded FLC along 

with the proposed Cascaded ANFIS is illustrated in 

Figure 19. It is noticed that the proposed Cascaded 

ANFIS shows minimized error values for mean 

square error (MSE), mean absolute error (MAE), and 

RMSE, resulting in enhanced UPFC control. The 

cascaded structure allows for more precise modeling 

of complex relationships within the data. By dividing 

the problem into stages, each ANFIS model can 

specialize in capturing certain patterns or features, 

contributing to overall higher accuracy as shown in 

Figure 20. However, the cascaded structure may 

result in lower computational efficiency compared to 

a single ANFIS model. Carefully optimizing the 

fuzzy rule bases and membership functions in each 

stage reduces the overall complexity of the cascaded 

model while preserving accuracy. 

 

 
Figure 18 Comparison of convergence 

 

 
Figure 19 Comparison of performance error 
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Figure 20 Obtained error outputs 

 

Table 4 suggests that the proposed UPFC control 

method is the most effective in minimizing THD 

among the methods compared, indicating its potential 

for improving PQ in the associated power system. 

Lower THD values generally signify cleaner and 

more stable electrical power, which is desirable for 

various applications and industries. 

 

Table 4 Comparison with existing works 

Methods THD (%) 

UPFC with PI control [48] 5.7 

UPFC with Fuzzy control [49] 2.55 

UPFC with ANN control [50] 3.72 

Proposed UPFC 1.8 

 

5.Discussion  
This research focused on enhancing PQ in a WECS 

through the integration of a UPFC. The primary 

objective was to address and mitigate PQ issues, with 

a specific focus on voltage fluctuations on the load 

side. The implemented UPFC design proved highly 

effective in achieving stability in both load voltage 

and current waveforms, contributing to the overall 

performance improvement of the system. A key 

success of the research lies in the UPFC's ability to 

maintain a unity power factor, indicating efficient 

utilization of electrical power and ensuring a stable 

electrical supply. This is a crucial aspect of PQ, 

enhancing not only the reliability of the system but 

also optimizing power consumption. 

 

The stability achieved in load voltage and current 

waveforms is indicative of the UPFC's robust 

performance in regulating and controlling the 

electrical parameters. The research further delved 

into a comparative analysis of THD in current, 

evaluating different control approaches, including PI, 

FLC, CFLC, and ANFIS. The proposed cascaded 

ANFIS control approach emerged as the most 

effective method, showcasing a remarkably low THD 

value of 1.8%. This indicates superior performance in 

reducing current harmonics compared to traditional 

control methods. The THD values obtained for PI, 

FLC, and CFLC ranged from 2.12% to 5.24%, 

emphasizing the significant improvement achieved 

by the cascaded ANFIS approach. 

 

Additionally, the convergence speed of two 

optimization algorithms, namely IBOA and BOA 

were explored in this paper. The research revealed 

that IBOA exhibited faster convergence, attributing 

this accelerated learning to the cascaded structure of 

the ANFIS models. The cascaded structure breaks 

down complex optimization problems into stages, 

facilitating quicker adaptation and convergence of the 

optimization algorithm. 

 

The implications of the findings are substantial, 

particularly regarding the reliable operation of 

connected electrical devices and systems. The 

research indicates that ANFIS-based control, 

especially in a cascaded configuration, outperforms 

traditional control approaches such as PI and FLC in 

terms of THD reduction. This suggests that ANFIS-

based control can serve as a more effective strategy 

for enhancing PQ in UPFC systems, leading to stable 

voltage, reduced harmonics, and optimal power 

transfer. 

 

One potential limitation is the requirement for 

extensive training data, which poses challenges in 

cases where data availability might be limited. 

Additionally, the computational resources necessary 

for implementing the cascaded ANFIS approach 

could be significant, potentially limiting its 

practicality in certain scenarios. Moreover, the 

generalizability of the findings to different types of 

UPFC systems and operating conditions remains a 

concern and requires further exploration. Considering 

these findings and limitations, future research should 

prioritize addressing challenges related to training 

data availability and computational resources to 

enhance the feasibility of the cascaded ANFIS 

approach for real-world applications. Further studies 

could explore the adaptability of the proposed control 

strategy to diverse UPFC systems and operating 

conditions to enhance its applicability and reliability. 

A complete list of abbreviations is shown in 

Appendix I. 

 

6.Conclusion  
As non-linear loads are increasingly utilized, the PQ 

of electric power systems is significantly impacted. 

To address PQ disturbances, a WECS fed UPFC 

approach has been developed in this paper. To 
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enhance the performance of DFIG-WECS, a bio-

inspired IBOA was employed, which effectively 

tunes the PI parameters and provides improved 

output power and enhanced efficiency. Furthermore, 

the control of voltage/current in the UPFC system is 

performed with the assistance of Cascaded ANFIS, 

achieving OPF with reduced power loss and high-

power transfer capacity. The examination of the 

proposed work is validated using MATLAB 

software, and the outcomes reveal that a minimized 

THD value of 1.8% is achieved using the proposed 

controller. Moreover, the performance of controllers 

is contrasted with state-of-the-art approaches, and it 

is observed that the proposed controller shows 

improved performance in terms of convergence and 

error measures. 

 

From the outcomes, it is concluded that the proposed 

technique is effective in solving PQ disturbances, 

efficient in handling non-linear system dynamics, and 

provides better coordination between systems. Future 

work can concentrate on the task of reducing 

complexity in the proposed system.  
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Appendix I 
S. No. Abbreviation Description 

1 AC Alternating Current 

2 ANFIS Adaptive Neuro Fuzzy Inference System 

3 ANN Artificial Neural Network 

4 APQC Adaptive Power Quality Compensator 

5 BOA Butterfly Optimization Algorithm 

6 DC Direct Current 

7 DFIG Doubly Fed Induction Generator 

8 DPFC Distributed Power Flow Controller 

9 DQ Direct Quadrature 

10 DS Distribution System 

11 DVR Dynamic Voltage Restorer 

12 FACTS Flexible Alternating Current Transmission 

Systems 

13 FLCC Fuzzy Logic Controller 

14 GA Genetic Algorithm 

15 GWO Grey Wolf Optimization 

16 IALO Integrated Ant Lion Optimizer 

17 IBOA Improved Butterfly Optimization 

Algorithm 

18 MAE Mean Absolute Error 

19 MPA Marine Predator Algorithm 

20 MSE Mean Square Error 

21 OPF Optimal Power Flow 

22 PCC Point of Common Coupling 

23 PI Proportional-Integral 

24 PID Proportional Integral Derivative 

25 PQ Power Quality 

26 PSO Particle Swarm Optimisation 

27 RBF Radial Basis Function 

28 RES Renewable Energy Sources 

29 RMSE Root Mean Square Error 

30 RSC Rotor Side Converter 

31 SAPF Shunt Active Power Filter 

32 SCIG Squirrel Cage Induction Generators 

33 SFS Sequential Feature Selection 

34 SSSC Static Synchronous Series Compensator 

35 STATCOM Static Compensator 

36 SVC Static Var Compensator 

37 TCSC Thyristor Controlled Series Capacitor 

38 THD Total Harmonic Distortion 

39 UPFC Unified Power Flow Controller 

40 VAR Volt Ampere Reactive 

41 VSC Voltage Source Converter 

42 WECS Wind Energy Conversion System 

43 WOA Whale Optimization Algorithm 

 

 

 

 


