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This study explores the stability of power systems, including those with wind farms. A 

thyristor-controlled series capacitor (TCSC) is utilized to enhance the stability of the 

power network when wind energy units are integrated. The study presents two novel 

controllers: the Lead-Lag controller (LL) and the adaptive neuro-fuzzy inference system 

(ANFIS). Aimed at improving system performance and optimized using Genetic 

Algorithms (GA). The paper also discusses a hybrid controller for TCSC, termed ANFIS-

GA-LL-TCSC, which integrates an ANFIS controller with GA and LL. These controllers 

were tested on power systems including wind turbines. The GA-LL and ANFIS-GA-LL 

controllers demonstrated superior performance in enhancing system stability compared to 

other controllers. Notably, the ANFIS-GA-LL-TCSC controller outperformed others in 

damping oscillations following disturbances. The study compares the performance of the 

ANFIS GA LL-TCSC controller with CPSS, ANFIS-CPSS, and GA-LL controllers, 

highlighting its effectiveness in improving electromechanical eigenvalue positioning and 

system stability. 
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1. INTRODUCTION

Currently, consumers are meeting their increasing 

electricity demands by integrating conventional generating 

units with various renewable energy sources. However, when 

synchronous generators are taken offline to accommodate 

increased wind power generation, their ability to reduce 

oscillation contributions is lost. Consequently, it would be 

advantageous for wind energy converters to provide damping 

as an ancillary service [1]. 

There has been a noticeable change in recent years toward 

addressing the wide spectrum of production difficulties, 

transmission, and smart consumption of electrical energy from 

renewable sources. Wind turbine (WT) electricity generation 

is particularly valued among alternative energy technologies 

for meeting global renewable energy targets, due to its cost-

free, environmentally friendly, and substantial capacity [2, 3]. 

Modern wind energy conversion systems primarily employ 

variable-speed wind turbine generators. In contrast, systems 

developed prior to the year 2000 were mainly based on fixed-

speed induction machines, most commonly the squirrel-cage 

type (SCIG) [4, 5]. ccording to research literature, Lead Lag 

controllers (LL) and power system stabilizers (PSS) have the 

best coordinated design for wind power integration, which has 

primarily focused on single-machine systems with less 

emphasis on multi-machine systems [6, 7]. The literature 

review shows that optimization techniques are being used 

more and more to synchronize the integration of the PSS and 

line commutated converter (LCC), which is very significant. 

This tendency has motivated us to propose a new optimization 

strategy to address this challenge [8]. Modern power 

transmission systems are often interconnected to efficiently 

and economically meet growing load demands. These 

systems, despite facing issues such as transient stability, 

voltage stability, and small signal stability, are designed to 

operate close to their operational limits [9]. Small signal 

stability disturbances typically occur at frequencies between 

0.1 and 2.0 Hz, with higher frequency oscillations generally 

observed in generators located near the load [10, 11]. Low-

frequency electromechanical oscillations happen a lot in 

power systems because their parts are connected to each other. 

These can be caused by sudden or long-lasting changes in load 

or the failure of generating or transmission facilities [12, 13].  

These rotor oscillations in generators lead to oscillations in 

other power system variables (bus voltage, transmission line 

active and reactive power) [14, 15], threatening system 

security, compromising efficient operation, and impacting 

small signal stability [16]. PSS are widely applied to mitigate 

oscillatory behavior in power grids. Nevertheless, their 

effectiveness can diminish under certain operating conditions, 

necessitating alternative techniques for effective oscillation 

damping [17]. Technological advancements in power 

electronics have given rise to Flexible AC Transmission 

Systems (FACTS), which significantly contribute to 

improving power system stability [18, 19]. As defined by 

IEEE, FACTS devices are systems based on power electronics 

and static components that regulate key transmission 

parameters to enhance the controllability and increase the 
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power transfer capability of AC networks. The 

implementation of FACTS devices allows for better control of 

power flows, increased transmission capacity, reduced 

transmission losses, and enhanced system stability through 

their fast and flexible operational capabilities [20, 21]. Among 

these devices, the thyristor-controlled series capacitor (TCSC) 

has gained prominence, especially for applications involving 

long transmission lines. TCSCs provide multiple benefits, 

such as optimizing power flow control, reducing unbalanced 

components, limiting fault currents, mitigating 

subsynchronous resonance, damping power oscillations, and 

improving transient stability [22, 23]. For small-signal 

stability analyses, the Phillips-Heffron linear model has 

remained a widely trusted and validated approach over the 

years. One common stabilization technique involves 

constructing a stable LL, with parameters determined using 

optimization methods like particle swarm optimization (PSO) 

[24-27]. n inappropriate selection of locations and capacities 

for renewable energy sources (RES) can negatively affect bus 

voltage profiles, increase active and reactive power losses, and 

reduce the overall reliability of electrical power systems [28, 

29]. Determining the optimal placement and sizing of RES 

units therefore remains a crucial issue for power system 

planners and researchers [30-32]. The main objective is to 

minimize both active and reactive losses while improving 

steady-state voltage regulation, transient stability, thermal 

limits of transmission lines, and harmonic performance. 

However, tuning parameters for the TCSC controller remains 

complex. While several conventional methods address this 

tuning challenge, they are iterative, computationally 

demanding, and converge slowly, making them time-

consuming. Lead-Lag blocks have been integrated into 

complex systems [33] and have proven effective in 

minimizing errors and rapidly achieving system stability [34, 

35]. Therefore, their implementation is introduced in this 

research using the ANFIS-GA-LL method to enhance the 

quality of stability solutions. To validate the effectiveness of 

this controller, various benchmark functions were employed 

for testing. Additionally, the ANFIS-GA-LL was implemented 

in a single machine infinite bus (SMIB) system integrated with 

a wind turbine.  

The system also included a PSS, an adaptive neuro-fuzzy 

inference system (ANFIS), and an LL for coordinated control. 

The performance of the proposed solution was compared with 

traditional controllers, and the results demonstrated a 

significant enhancement in damping power system 

oscillations, even with the presence of a wind generator. 

Compared to recently reported approaches such as deep 

reinforcement learning (DRL)-based controllers [35], which 

require extensive training data and high computational 

resources, the proposed ANFIS-GA-LL offers a simpler, 

interpretable structure suitable for real-time implementation. 

Unlike adaptive PSO techniques that may suffer from 

premature convergence [36], the GA ensures global 

exploration of the parameter space. Furthermore, while fuzzy-

PID schemes have shown promise, they lack the self-learning 

capability embedded in ANFIS. Thus, the hybrid parallel 

design strikes a balance between performance, complexity, 

and practicality for industrial deployment. 

 

 

2. CASE STUDY DESCRIPTION  

 

The analysis involves an SMIB power system integrated 

with a wind turbine. Figure 1 illustrates the case study. 

 

 
 

Figure 1. Case study 
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In power system stability analysis, several key parameters 

are defined: the exciter's equivalent electromotive force, 

represented as 𝐸𝑓𝑑; the generator's power angle, denoted as δ; 

𝜔 the rotor speed relative to a synchronous reference frame, 

𝐸𝑞
′ ; the transient voltage along the quadrature axis, 𝜔𝑏 ; the 

system's synchronous speed, 𝑀 ; the generator's inertia 

constant, 𝐾𝐴; the gain of the automatic voltage regulator, 𝑇𝐴; 

the regulator's time constant, 𝑇𝑑0
′ ; the open-circuit time 

constant along the d-axis, 𝑉𝑅 ; the reference voltage, 𝑉𝑆 ; the 

supplementary control signal, 𝑋𝑑
′ ; the d-axis transient 
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reactance of the synchronous generator, 𝑋𝑞 ; the q-axis 

reactance of the synchronous generator, 𝑉𝑇𝑑 ; the d-axis 

terminal voltage, 𝑋𝑇𝐶𝑆𝐶; and the reactance of the TCSC. 

 

 

3. MODELING OF WIND TURBINES 

 

The mechanical power generated by a wind turbine (WT) is 

given by the following equation [4]: 
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where, 𝜌𝑤  represents the air density (kg/m³), 𝐴𝑟𝑤 refers to the 

blade swept area (m²), 𝑉𝑤 indicates the wind speed (m/s), and 

𝐶𝑝𝑤  represents the power coefficient of the wind turbine 

(WT). The power coefficient 𝐶𝑝𝑤 is defined by: 
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In this context, denotes the blade angular speed (rad/s), 

represents the blade radius (m), is the tip speed ratio, refers to 

the blade pitch angle (degrees), and c1 to c9 are the constant 

coefficients used in calculating the power coefficient of the 

wind turbine. For detailed information on the power 

coefficients of the wind turbine [15], the wind turbine's cut-in, 

rated, and cut-out wind speeds are 4 m/s, 15 m/s, and 24 m/s, 

respectively. When the wind speed is below the rated wind 

speed (𝑉𝑤𝑟𝑎𝑡𝑒𝑑), the blade pitch angle βw remains at 0°. Once 

𝑉𝑤  exceeds 𝑉𝑤𝑟𝑎𝑡𝑒𝑑 ,rated, the pitch-angle control system 

engages, causing (𝛽𝑤) to increase. 

 

 

4. DESIGN OF THE PROPOSED CONTROLLERS 

 

4.1 LL 

 

This study employs a LL for the TCSC system. Figure 2 

depicts the TCSC with LL.  

The washout time constant 𝑇𝑊, as well as the time constants 

𝑇2and 𝑇4,are typically predetermined. In this study, 𝑇𝑊 is set 

to 12 seconds, and 𝑇2 and 𝑇4 are both set to 0.1 seconds. The 

controller gains 𝐾𝑆, along with the time constants 𝑇1 and 𝑇3, 

will be optimized using the BA algorithm. The equation 

governing the dynamics of the TCSC reactance is expressed as 

follows: 
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where , 𝛥𝑋𝑇𝐶𝑆𝐶
𝑟𝑒𝑓
⬚

represents the reference reactance of the 

TCSC, and 𝐾𝑆 and 𝑇𝑆denote the gain and time constant of the 

TCSC, respectively. 

 

 
 

Figure 2. TCSC with LL 

 

4.2 TCSC controller with GA 

 

The GA is a global optimization technique modeled after 

the principles of natural selection and genetics. In this study, 

GA is utilized to fine-tune the parameters of the TCSC 

controller, a crucial process for enhancing power system 

control performance. Table 1 shown the details of the GA 

parameters used during the scaling factor adjustment phase. 

 

Table 1. Parameters for GA in tuning stage 

 
Number of Variables 9 

Genes Per Variable 3 

Chromosome Length 27 

Population Size 54 

Number of Generations 50 

 

Figure 3 presents the flowchart of the proposed algorithm.  

 

 
 

Figure 3. Proposed algorithm flowchart 

 

4.3 Proposed controller 

 

The ANFIS-GA-LL-TCSC controller, Figure 4 illustrates 

the parallel control system that combines an ANFIS controller 

with a LL, offering enhanced control performance for the 

TCSC system. 

 

4.4 Conventional PSS design (PSS) 

 

The PSS incorporates key components, including the 

stabilizer gain 𝐾𝑃𝑆𝑆 a washout block (𝑇𝑊) that functions as a 

low-pass filter, and phase compensation blocks with time 
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constants 𝑇1  and 𝑇4 . The rotor speed deviation 𝛥𝜔(𝑠𝑦𝑛) 

serves as the input, and the stabilizing signals Vsup and Vsup, 

limited by an anti-windup device, form the output. 
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Figure 4. Proposed ANFIS-GA-LL-TCSC controller 

 

Figure 5 shows the PSS structure. 

 

 
 

Figure 5. PSS structure 

 

4.5 Design of ANFIS proposed 

 

The ANFIS merges the strengths of Neural Networks with 

those of a fuzzy inference system (FIS) to form a controller 

aimed at improving the damping of rotor oscillations in 

synchronous generators by adjusting their excitation. This 

controller operates based on inputs such as the rotor speed 

deviation ω\omega(ω) of the wind generator and the error 

associated with this deviation. Within the fuzzy logic module, 

25 rules are employed to determine the output based on these 

inputs. The ANFIS controller adapts through a hybrid method 

that integrates least squares optimization and error 

backpropagation. Figure 6 depicts the proposed ANFIS 

controller [4]. 

 

 
 

Figure 6. Proposed ANFIS controller 

 
 

Figure 7. Membership function obtained by ANFIS 

 

Figure 7 shows the membership function obtained by 

ANFIS. 

 

 

5. SIMULATION RESULTS 

 

We evaluated the ANFIS-GA-LL controller's ability to 

enhance the stability of a power system incorporating a wind 

turbine during post-disturbance conditions. A comparison 

with a conventional power system stabilizer (PSS) was 

conducted to assess its effectiveness. Additionally, the 

controller's output was determined by calculating the weighted 

average of the rules. 
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Table 2 presents the system Eigen values of CPSS and the 

GA-LL. 

 

Table 2. System Eigen values 

 
Without Controller PSS With GA-LL 

-39.9988 -29.0487 -62.7542 

17.4361 12.3419 ± j25.5046 -38.1568 

3.5972 -0.5372 ± j3.73 -0.9574 ± j30.0752 

-2.8849  -0.3005 ± j2.9765 

  -0.1112 

  -4.7574 

 

Table 3 shows the optimized parameters of the GA-LL, 

derived from the Genetic Algorithm (GA) optimization 

process.  

 

Table 3. Optimized parameters using for GA-LL 

 
K 11.0048 

1T
 

0.3921 

2T
 

0.10000 

3T
 

0.5075 

4T
 

10.0999 

 

The proposed method was validated using SMIB system 

equipped by wind turbine. The system's responses were 

simulated under varying mechanical power conditions of the 
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synchronous generator. For the wind turbine, wind speeds 

between 6 and 12 m/s were classified as sub-synchronous 

mode, 12 m/s as normal mode, and wind speeds ranging from 

12 to 24 m/s as super-synchronous mode. The stability 

responses of the power system, including the wind turbine 

with different controllers, are presented in Figures 8 and 9. In 

these simulations, the conventional LL for the TCSC was 

replaced with an ANFIS and simulated alongside a Power 

System Stabilizer (PSS). In the figures, the GA-LL TCSC 

controller is labeled as GA-LL, and the ANFIS-GA-LL-TCSC 

controller is labeled as GA-LL. The GA-LL controller 

outperformed the ANFIS-PSS in reducing overshoot and 

enhancing stabilization. Furthermore, integrating ANFIS with 

GA-LL resulted in the ANFIS-GA-LL-TCSC controller 

exhibiting faster and more efficient responses than GA-LL 

alone. The figures illustrate that incorporating the ANFIS-GA-

LL-TCSC controller leads to a slight decrease in overshoot and 

a significant improvement in damping for rotor angle and 

speed compared to systems using GA-LL or ANFIS-CPSS. 

The design approach of the ANFIS-GA-LL-TCSC controller 

demonstrates strong performance in stabilizing the system, 

thereby increasing the power system's stability limit. 

The Table 4 shows the quantitative time-domain 

performance indices provides a more rigorous and 

comprehensive assessment of the controller’s performance. 

 

 
 

Figure 8. Damping oscillation of speed deviation for SMIB 

 

 
 

Figure 9. Damping oscillation of speed deviation for SMIB 

 

Table 4. Quantitative time-domain performance 

 

Controller 
Overshoot 

(%) 

Settling 

Time (s) 

Stability 

Margin 

PSS 18.2 6.0 moderate 

ANFIS-PSS 10.8 4.3 good 

GA-LL 8.6 3.4 very good 

ANFIS-GA-LL-

TCSC 
4.2 1.9 excellent 

 

 

6. CONCLUSIONS 

 

This paper proposes a novel hybrid ANFIS-GA-LL-TCSC 

controller for enhancing small-signal stability in wind-

integrated power systems. By combining the adaptive 

intelligence of ANFIS with the robust phase compensation of 

a GA-optimized Lead-Lag structure, the parallel controller 

achieves superior damping performance compared to 

conventional PSS, ANFIS-PSS, and GA-LL schemes. 

Simulation results demonstrate faster settling times, reduced 

overshoot, and improved eigenvalue placement under various 

operating conditions. The approach offers a practical and 

effective solution for stabilizing renewable-rich grids. Future 

work will extend this method to multi-machine systems and 

hardware-in-the-loop validation. 
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