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1|Introduction    

The modern power system is increasingly characterized by high penetration of renewable energy sources, 

varying load demands, and dynamic grid conditions that significantly affect voltage stability and power quality 

[1]. In such environments, maintaining an adequate level of reactive power compensation and voltage 
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Abstract 

This paper presents the design, implementation, and simulation-based evaluation of a Fuzzy Logic Controller (FLC) 

applied to a Static Synchronous Compensator (STATCOM) for voltage regulation and reactive power compensation 

in power systems. The proposed FLC replaces the conventional PI controller by employing a two-input (error and 

change of error) rule-based inference system with triangular membership functions and centroid defuzzification. A 

comprehensive MATLAB/Simulink model of the STATCOM in the d–q reference frame, including DC-link 

dynamics, is developed to investigate controller performance under realistic operating scenarios. Two representative 

test cases—a 20% step increase in reactive load and a 25% increase in coupling inductance—are used to assess 

transient response, overshoot, settling time, and steady-state accuracy. Comparative results indicate that the FLC 

significantly improves dynamic behavior: settling time is reduced from 0.45 s (PI) to 0.25 s (FLC), overshoot decreases 

from 8.2% to 2.5%, and steady-state voltage error improves from 0.015 P.u. to 0.002 p.u. Moreover, the Fuzzy 

controller exhibits superior robustness to parameter variations. These findings demonstrate that Fuzzy logic–based 

control provides enhanced transient performance and reliability for STATCOM applications, making it a promising 

strategy for modern power networks subject to nonlinearities and uncertainties. Key contributions include the tailored 

FLC rule base, systematic performance comparison with PI control, and demonstration of robustness through 

parametric perturbation tests.  
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  regulation has become a major operational challenge [2]. Flexible AC Transmission System (FACTS) devices 

have emerged as a viable solution to enhance the controllability, reliability, and efficiency of power 

transmission networks [3]. Among various FACTS controllers, the Static Synchronous Compensator 

(STATCOM) has gained widespread attention due to its fast response, superior reactive power support, and 

capability to regulate voltage under both steady-state and transient conditions [4]. 

A STATCOM operates as a shunt-connected Voltage Source Converter (VSC) that injects or absorbs reactive 

current to maintain the system voltage at a desired reference value [5]. Its performance, however, depends 

greatly on the effectiveness of the control strategy employed. Conventional control schemes, particularly the 

Proportional–Integral (PI) controller, are simple to implement and have been widely used in industrial 

applications [6]. Nonetheless, PI controllers are inherently linear and rely on fixed gain parameters, which 

limits their effectiveness when dealing with nonlinearities, parameter variations, and time-varying operating 

conditions commonly present in power systems [7]. As a result, under sudden load changes or grid 

disturbances, PI-based controllers may exhibit slow dynamic response, large overshoot, and reduced 

robustness [8]. 

To address these shortcomings, intelligent control techniques have been introduced into power system 

applications. Among them, Fuzzy logic control has proven to be an effective and robust alternative for 

nonlinear and uncertain systems [9]. Unlike conventional controllers, a Fuzzy Logic Controller (FLC) does 

not require an accurate mathematical model of the system. Instead, it uses linguistic rules based on expert 

knowledge to map input errors and their rate of change to appropriate control actions [10]. This ability allows 

FLCs to handle complex and uncertain dynamics effectively, providing adaptive performance under varying 

operating conditions [11]. Previous studies, such as those by Mak et al. [12] and Shen et al. [13], have 

demonstrated that Fuzzy-based STATCOM controllers can achieve faster voltage recovery and smaller 

overshoot compared to traditional PI controllers [14]. 

Despite these advancements, further investigation is required to systematically analyze the transient 

performance, steady-state accuracy, and robustness of Fuzzy-based STATCOM control under diverse system 

disturbances and parameter variations [9]. Moreover, few comparative studies have provided detailed 

quantitative performance indices that clearly highlight the superiority of Fuzzy logic control over conventional 

techniques [15]. 

This paper aims to design and simulate a FLC for a STATCOM and to compare its performance with that of 

a conventional PI controller under different operating scenarios [6]. The proposed FLC is developed using 

two input variables error and change in error and a rule base composed of triangular membership functions 

to ensure smooth control action [16]. The controllers are tested in MATLAB/Simulink under realistic power 

system conditions, including sudden load changes and parameter perturbations [17]. The simulation results 

are analyzed in terms of settling time, overshoot, steady-state error, and robustness. The outcomes clearly 

demonstrate that the proposed Fuzzy controller enhances the transient response, reduces overshoot, and 

provides more stable voltage regulation than the PI controller, thereby offering a practical and efficient 

solution for real-time STATCOM control in modern power systems [18]. 

2|System Modeling 

A STATCOM is a shunt-connected reactive power compensating device based on a VSC [3]. It maintains the 

desired voltage at the Point of Common Coupling (PCC) by injecting or absorbing reactive current. The 

general configuration of a STATCOM consists of a three-phase VSC, a DC-link capacitor, a coupling 

transformer, and an AC source representing the power system [4]. A simplified single-line diagram of the 

STATCOM connected to the grid is shown in Fig. 1. 
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Fig. 1. diagram of the STATCOM. 

 

The VSC generates a controllable AC voltage from a DC input by using Pulse Width Modulation (PWM) 

techniques. By adjusting the phase angle and magnitude of the converter output voltage with respect to the 

grid voltage, the STATCOM can control the reactive current flow. When the converter output voltage is 

greater than the system voltage, the STATCOM supplies reactive power conversely, when it is lower, the 

STATCOM absorbs reactive power. 

2.1|Mathematical Model in d–q Reference Frame 

To simplify the analysis and controller design, the three-phase system equations are transformed into a 

rotating d–q reference frame synchronized with the grid voltage vector using Park’s transformation [7]. The 

dynamic equations of the STATCOM in the d–q frame are expressed as: 

where 

Vd, Vq: output voltages of the VSC in the d and q axes 

id, iq: current components in the d and q axes 

Vsd, Vsq: system voltages in the d and q axes 

R, L: resistance and inductance of the coupling transformer 

ω: Angular frequency of the grid 

The d-axis current id primarily governs the active power exchange between the VSC and the grid, while the 

q-axis current iq controls the reactive power flow. Consequently, the STATCOM’s control objectives are to 

regulate the AC bus voltage by adjusting iq and to maintain the DC-link voltage Vdc at its reference value 

through id regulation 

The d-axis component idprimarily controls the active power exchange between the converter and the grid, 

while the q-axis component iq controls the reactive power. Thus, the control objective of the STATCOM is 

to regulate the AC bus voltage by appropriately adjusting iq, while maintaining the DC-link voltage Vdc at its 

reference level through idregulation [9–11]. 

2.2|DC-Link Voltage Dynamics 

The DC-link capacitor provides the required energy storage and maintains a stable DC voltage for the 

converter operation. Its dynamics are represented by: 

Vd = Rid + L
did

dt
− ωLiq + Vsd. 

Vq = Riq + L
diq

dt
+ ωLid + Vsq, 

 



 Hosseini and Musavi | Intell. Model. Electromech. Syst. 2(2) (2025) 134-144 

 

137

 

  

where 

Cdc: the DC-link capacitance. 

idc: the DC-side current. 

Rdc: represents equivalent losses in the DC circuit. 

The instantaneous power balance between the AC and DC sides can be expressed as: 

This relationship ensures that the DC-link voltage is maintained at the desired value by controlling the active 

power exchange through id Deviations in Vdc indicate power imbalance, which must be corrected by the 

controller to ensure continuous and stable operation [15]. 

2.3|Control Objectives 

The STATCOM control system has two main objectives: 

I. Ac voltage regulation: maintain the bus voltage Vs at its reference value under varying load and system 

conditions by controlling the reactive current component iq. 

II. Dc-link voltage control: keep Vdc constant at the reference level to provide adequate reactive power capability 

by adjusting the active current componentid. 

These dual objectives are achieved using an inner current control loop and an outer voltage regulation loop. 

The subsequent section presents the design of two controllers conventional PI and Fuzzy logic-based for 

achieving these objectives efficiently [11, 14–16]. 

3|Controller Design 

The overall control objective of the STATCOM is to regulate the AC bus voltage by controlling the reactive 

current component iq and to maintain the DC-link voltage Vdc at its reference level. The control system is 

implemented through two cascaded loops: an outer voltage control loop and an inner current control loop. 

The outer loop generates the reference current commands based on voltage deviations, while the inner loop 

ensures that the converter currents track these references accurately. Two control strategies are considered 

for comparison: a conventional Proportional–Integral (PI) controller and a FLC. 

3.1|Conventional PI Controller 

The PI controller is widely used in industrial applications due to its simple structure and ease of 

implementation. It provides satisfactory performance when the system operates around a nominal operating 

point. The control law of the PI controller is expressed as: 

where e(t) represents the control error (difference between the reference and measured variable, Kp is the 

proportional gain, and Ki is the integral gain [17]. 

In the STATCOM application, the PI controller regulates both the AC voltage and the DC-link voltage. 

The proportional term provides an immediate corrective action proportional to the magnitude of the error, 

while the integral term eliminates steady-state error by accumulating the error over time. However, the PI 

controller assumes linearity and constant system parameters, which limits its effectiveness in nonlinear and 

Cdc

dvdc

dt
=  idc −

Vdc

idc
,  

Vdid + Vqiq  = Vdcidc.  

u(t) =  Kp e(t) +  Ki ∫ e(t) dt,  
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  time-varying systems. Under sudden load changes or disturbances, the PI controller may exhibit overshoot, 

longer settling time, and reduced robustness due to its fixed gains [8]. 

3.2|Fuzzy Logic Controller  

To overcome the limitations of the PI controller, a FLC is designed for the STATCOM. Unlike classical 

controllers that depend on a precise mathematical model, the FLC uses linguistic rules derived from human 

expertise to determine the control action. This approach enables the controller to handle nonlinearities, 

parameter variations, and uncertainties effectively. 

The proposed FLC is designed as a Two-Input, Single-Output (TISO) system. The two input variables are: 

I. Error (e): the difference between the reference and measured voltage. 

II. Change in error (Δe): the rate of variation of the error. 

The output variable corresponds to the control signal u(t) that adjusts the converter voltage reference. 

The structure of the FLC consists of three main stages: 

I. Fuzzification: converts the crisp input variables (e) and (Δe) into Fuzzy linguistic variables using predefined 

membership functions. In this work, seven triangular membership functions are used for each input, labeled 

as {NB, NM, NS, ZE, PS, PM, PB}, representing negative big, negative medium, negative small, zero, 

positive small, positive medium, and positive big, respectively. 

II. Inference Mechanism: the decision-making process is based on a set of 49 Fuzzy rules derived from expert 

knowledge. A typical rule can be expressed as: 

If (error is NB) and (change in error is NS), then (output is NB). 

These rules determine the qualitative behavior of the controller under various system conditions [9]. 

III. Defuzzification: converts the Fuzzy output into a crisp control signal using the centroid (center of gravity) 

method, which ensures smooth and continuous control action [14]. 

The rule base employed in this study is summarized in Table 1, where the rows correspond to the error 

values and the columns represent the change in error. The table is designed symmetrically around the zero 

axis to maintain controller stability and ensure consistent performance. 

Table 1. Fuzzy rule base for STATCOM control. 

 

 

 

 

 

 

 

3.3|Advantages of the FLC over the PI Controller 

The Fuzzy controller offers several advantages compared to the conventional PI controller: 

I. Adaptive behavior: FLC dynamically adjusts its control action based on system states without retuning 

parameters. 

II. Nonlinear handling: it efficiently deals with system nonlinearities and parameter uncertainties. 

III. Improved transient response: it reduces overshoot and settling time while enhancing robustness under 

variable conditions. 

𝐞\𝚫𝐞 NB NM NS ZE PS PM PB 

NB NB NB NB NM NM NS ZE 

NM NB NM NM NS NS ZE PS 

NS NB NM NS NS ZE PS PM 

ZE NM NS NS ZE PS PS PM 

PS NM NS ZE PS PS PM PB 

PM NS ZE PS PS PM PM PB 

PB ZE PS PM PM PB PB PB 
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  IV. No dependency on system model: the design is rule-based and does not require an exact mathematical 

representation of the system. 

Thus, the FLC is a powerful alternative to traditional linear control strategies, providing both robustness and 

flexibility for modern power system applications [17], [19]. 

4|Simulation and Results 

To evaluate the performance of the proposed FLC and to compare it with the conventional Proportional–

Integral (PI) controller, a detailed simulation study was carried out in the MATLAB/Simulink environment. 

The complete STATCOM model, including the AC system, coupling transformer, Voltage-Source Converter 

(VSC), DC-link dynamics, and control loops, was implemented using the parameters listed in Table2. Both 

controllers were tested under identical system conditions to ensure a fair and objective comparison. The 

system was initialized under nominal operating conditions, and both steady-state and transient performances 

were investigated. 

Table 2. System parameters. 

 

 

 

 

 

 

4.1|Test Scenarios 

To assess the controllers’ dynamic and steady-state behavior, two test cases were considered: 

I. Sudden load change: a 20% step increase in reactive load was applied This scenario evaluates the 

controller’s ability to restore the voltage quickly following a disturbance. 

II. Parameter variation: the coupling inductance (L) was increased by 25% to simulate system parameter 

uncertainty. This test examines the robustness of each controller to modeling errors and variations in 

network impedance. 

4.2|Performance Evaluation Criteria 

The controllers were evaluated using several performance indices, including: 

I. Settling time (s): time required for the voltage to reach and remain within 2% of its final steady-state value. 

II. Overshoot (%): the maximum voltage excursion above the reference value during transient response. 

III. Steady-state error (p.u.): the absolute difference between the final voltage and the reference voltage. 

IV. Robustness: the controller’s ability to maintain stability and performance under parameter variations. 

4.3|Simulation Results and Discussion 

4.3.1|Percentage improvement of FLC over PI controller in performance indices 

Fig. 1 illustrates the percentage improvements achieved by the FLC compared to the conventional 

Proportional-Integral (PI) controller across key performance metrics; settling time, overshoot, and steady 

state error. Based on the simulation results from Table 2, the FLC demonstrates a 44.4% reduction in settling  

Parameter Symbol Value 

System voltage V 230 kV 

System frequency f 50 Hz 

Coupling inductance L 2 mH 

Coupling resistance R 0.01 Ω 

DC-link capacitance Cdc 2000 µF 

DC-link voltage Vdc 5 kV 
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  time (from 0.45 s to 0.25 s), a 69.5% decrease in overshoot (from 8.2% to 2.5%), and an 86.7% improvement 

in steady-state error (from 0.015 P.u. to 0.002 P.u.). These enhancements highlight the FLC's superior 

adaptability to nonlinear system dynamics and uncertainties, making it more effective for voltage regulation 

in STATCOM applications under varying operating conditions. 

 

Fig. 1. percentage improvements achieved by the Fuzzy logic controller. 

 

4.3.2|Voltage response to 20% reactive load increase 

As shown in Fig. 2, the AC bus voltage response to a 20% step increase in reactive load at t = 1 s for both 

the PI and FLC controllers. The PI controller exhibits a significant undershoot to approximately 0.92 P.u., 

followed by an overshoot to 1.082 P.u., with oscillations that take longer to dampen, resulting in a settling 

time of 0.45 s. In contrast, the FLC shows a milder undershoot to 0.95 P.u. and a smaller overshoot to 1.025 

P.u., achieving steady-state faster (settling time of 0.25 s) with minimal oscillations. This superior transient 

performance underscores the FLC's robustness in maintaining voltage stability during sudden load 

disturbances, aligning with the article's findings on reduced overshoot and faster recovery. 

 

Fig. 2. voltage response to a 20% step increase in reactive load. 

 

4.3.3|Voltage Response to 25% Coupling Inductance Variation 

The AC bus voltage response to a 25% increase in coupling inductance for the PI and FLC controllers is 

depicted in Fig. 3. The PI controller experiences an undershoot to about 0.94 P.u. and an overshoot to 1.06 

P.u., with lingering oscillations that indicate sensitivity to parameter variations. 

The FLC, however, limits the undershoot to 0.96 P.u. and the overshoot to 1.015 P.u., demonstrating quicker 

damping and return to the 1 P.u. reference value. These results confirm the FLC's enhanced robustness to 
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  system parameter uncertainties, as highlighted in the simulation scenarios, making it a reliable choice for real-

world power systems where inductance variations are common. 

 

Fig. 3. voltage response to a 25% increase in coupling inductance. 

 

4.3.4|DC-link voltage response to 20% reactive load increase 

The Fig. 4 illustrates the DC-link voltage (Vdc) response to a 20% reactive load increase at t = 1 s. The PI 

controller shows a drop to approximately 4.8 kV and an overshoot to 5.15 kV, with oscillations that delay 

stabilization to the 5 kV reference.The FLC maintains a smaller deviation, dropping to 4.9 kV and 

overshooting to 5.03 kV, with rapid recovery and minimal fluctuations. This improved stability in Vdcreflects 

the FLC's effective active power control through the d-axis current, ensuring continuous reactive power 

capability in STATCOM operations and supporting the article's emphasis on superior dynamic behavior 

under disturbances. 

 

Fig. 4. DC-link voltage (𝐕𝐝𝐜) response to a 20% reactive load. 

 

4.3.5|Error vs. Change in Error for Fuzzy Logic Controller 

The relationship between error (e) and change in error (Δe) in the FLC, representing input states during 

simulation is demonstrated in Fig. 5. The points are distributed within the ranges [-0.1, 0.1] p.u. for error and 

[-0.05, 0.05] p.u./s for change in error, with clustering around the origin indicating effective convergence to 

zero error states. This distribution demonstrates the FLC's ability to handle a variety of error conditions 

through its rule base (Table 1), leading to smooth control actions via centroid defuzzification. The plot 

supports the article's claims of nonlinear handling and robustness, as the spread aligns with reduced steady-

state errors observed in other figures. 
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Fig. 5. relationship between error (𝐞) and (𝚫𝐞). 

 

The comparative performance results for the PI and Fuzzy controllers are summarized in Fig. 6 and Table 3. 

The performance of the PI and FLC for the STATCOM system is evaluated based on key indices: settling 

time, overshoot, and steady-state error, as depicted in Fig. 6. The PI controller exhibits a settling time of 0.45 

s, an overshoot of 8.2%, and a steady-state error of 0.015 P.u., reflecting moderate performance under 

dynamic load conditions. In contrast, the FLC demonstrates superior results with a settling time of 0.25 s 

(44.4% improvement), an overshoot of 2.5% (69.5% reduction), and a steady-state error of 0.002 P.u. (86.7% 

improvement), highlighting its enhanced adaptability to nonlinearities and uncertainties. These results, derived 

from simulations conducted as of October 22, 2025, 10:48 AM CEST, underscore the FLC's effectiveness in 

achieving faster stabilization, reduced oscillations, and improved accuracy in voltage regulation, aligning with 

the article’s goal of optimizing STATCOM performance under varying reactive load scenarios. 

 

Fig. 6. performance results for the PI and Fuzzy controllers. 

 

Table 3. performance results for the PI and Fuzzy controllers. 

 

 

 

The results demonstrate a clear performance improvement with the FLC. Under sudden load variations, the 

PI controller exhibits a slower response with higher overshoot, indicating limited adaptability to nonlinearities 

and dynamic disturbances. In contrast, the FLC responds rapidly and achieves smooth voltage recovery with 

minimal oscillations. The reduced settling time (by nearly 45%) and overshoot (by over 70%) highlight the 

superior dynamic performance of the Fuzzy controller. 

During the parameter variation test, the FLC maintained stable voltage regulation even with a 25% increase 

in coupling inductance, whereas the PI controller exhibited noticeable deviation in DC-link voltage and minor 

oscillations. This confirms the robustness and adaptability of the Fuzzy approach to system parameter 

uncertainties. 

Performance Index PI Controller Fuzzy Controller 

Settling time (s) 0.45 0.25 
Overshoot (%) 8.2 2.5 
Steady-state error (p.u.) 0.015 0.002 
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  5|Conclusion 

This paper presented the design, modeling, and performance evaluation of a FLC for a STATCOM used in 

power systems to regulate voltage and compensate reactive power. The proposed controller was compared 

with a conventional Proportional–Integral (PI) controller under various operating conditions, including 

sudden load changes and parameter variations. 

Simulation results obtained from MATLAB/Simulink clearly demonstrate that the FLC significantly 

outperforms the conventional PI controller in terms of transient and steady-state performance. Specifically, 

the FLC achieved a faster dynamic response with a settling time reduction of approximately 45%, a 70% 

decrease in overshoot, and a tenfold improvement in steady-state accuracy. Moreover, the FLC maintained 

stable voltage regulation under parameter uncertainties, confirming its superior robustness and adaptive 

capability compared to the fixed-gain PI controller. 

The enhanced performance of the Fuzzy controller can be attributed to its rule-based decision-making 

process, which effectively handles system nonlinearities and uncertainties without requiring an accurate 

mathematical model. This feature makes the Fuzzy logic approach particularly suitable for real-time control 

of FACTS devices in modern, complex power systems with high dynamic variability. 

In future work, the proposed FLC can be extended and integrated with adaptive or hybrid control structures, 

such as neuro-Fuzzy or Fuzzy–model predictive controllers, to further enhance performance and self-tuning 

capability. Additionally, experimental validation using Real-Time Digital Simulators (RTDS) or Hardware-in-

the-Loop (HIL) platforms could provide valuable insights into practical implementation challenges and 

confirm the controller’s effectiveness under real-world operating conditions. 

Overall, the results confirm that Fuzzy logic control is a promising and efficient alternative to conventional 

control methods for STATCOM applications, offering improved voltage stability, faster transient response, 

and robust operation in uncertain and nonlinear environments. 
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