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Abstract 

The increasing penetration of renewable energy sources such as photovoltaic (PV) systems and 

permanent magnet synchronous generators (PMSGs) in distribution networks has introduced 

significant power quality challenges. This paper proposes a novel approach for improving the 

power quality of a grid-connected hybrid renewable system by employing a Static Synchronous 

Compensator (STATCOM) whose Proportional-Integral (PI) controller parameters are 

optimally tuned using the Whale Optimization Algorithm (WOA). Three distinct loading 

conditions — moderate load, heavy load surge, and light load — are considered to evaluate the 

system’s dynamic and steady-state performance. The optimized STATCOM effectively 

mitigates voltage dips, reduces power oscillations, and improves system transient response. 

Detailed time-domain simulations demonstrate that the proposed WOA-tuned STATCOM 

significantly enhances voltage stability, minimizes peak overshoot, improves settling time, and 

reduces harmonic distortions. Furthermore, the system performance under different loading 

scenarios confirms the superiority of the WOA-based optimization in stabilizing the hybrid 

renewable grid interface. The study also outlines directions for future expansion by considering 

nonlinear and unbalanced load impacts on system dynamics. 

Math. Subject Classification:93-10 Mathematical modeling or simulation for problems 

pertaining to systems and control theory 
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1 Introduction 

The global transition towards sustainable energy has accelerated the deployment of renewable 

energy sources (RESs), particularly photovoltaic (PV) systems and wind energy conversion 

systems (WECSs) using permanent magnet synchronous generators (PMSGs), in modern 

power networks. These distributed generation (DG) technologies significantly reduce 

greenhouse gas emissions and fossil fuel dependence [1-3]. However, their stochastic and 

intermittent characteristics introduce critical operational issues, including voltage instability, 

frequency deviation, harmonic distortions, and power oscillations, which degrade overall grid 

reliability and power quality [4-6]. Ensuring stable and high-quality power in RES-integrated 

distribution networks necessitates advanced control and compensation strategies. Flexible AC 

Transmission System (FACTS) devices, such as the Static Synchronous Compensator 

(STATCOM), have been widely adopted due to their superior capability for fast dynamic 

reactive power compensation, voltage regulation, and harmonic mitigation at the point of 

common coupling (PCC) [7-9]. Nevertheless, the effectiveness of a STATCOM heavily relies 

on the performance of its Proportional–Integral (PI) controllers, whose gains must be carefully 

tuned to handle nonlinear dynamics and fast transients. Conventional manual and heuristic 

tuning approaches often fail under varying load and fault conditions, leading to inadequate 

dynamic responses [10-11]. To overcome these limitations, intelligent optimization algorithms 

have gained prominence in tuning STATCOM controllers in hybrid RES systems. Several 

metaheuristic techniques, including Particle Swarm Optimization (PSO), Genetic Algorithm 

(GA), Differential Evolution (DE), and Artificial Bee Colony (ABC), have been explored to 

enhance voltage stability and harmonic suppression [12-14]. Recently, the Whale Optimization 

Algorithm (WOA), inspired by the bubble-net hunting behavior of humpback whales, has 

emerged as a powerful optimizer due to its balance of exploration and exploitation, simplicity, 

and fast convergence in solving nonlinear control problems [15-17]. WOA has demonstrated 

promising results in diverse power system applications, including PI/PID tuning, fault ride-

through capability improvement, and harmonic reduction in hybrid renewable grids [18-19]. 

Specifically, its application in optimally tuning STATCOM controllers for PV–PMSG hybrid 

systems has shown significant improvements in transient performance, settling time, overshoot 

minimization, and voltage profile regulation under varying load conditions [20]. In this study, 

a WOA-based PI-STATCOM control strategy is proposed for a grid-connected hybrid PV–

PMSG system. The system is evaluated under three representative loading scenarios—

moderate, heavy surge, and light load—to examine dynamic and steady-state behaviours. Key 

performance metrics include voltage stability, harmonic distortion, and transient response. 

Additionally, the study acknowledges the limitations of uniform load modeling and 

recommends incorporating nonlinear and unbalanced load profiles in future investigations to 

provide a more comprehensive validation of controller performance in practical environments. 
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2 System Description 

The proposed hybrid renewable energy system integrates both solar photovoltaic (PV) and 

wind energy sources to ensure a reliable and sustainable power supply to the connected load 

and grid shown in Figure 1. The PV array is interfaced with a buck-boost DCDC converter to 

regulate [21-23] the output voltage and enable effective operation under varying irradiance 

conditions. A Maximum Power Point Tracking (MPPT) system [24-26], typically employing 

Perturb & Observe (P&O) or Incremental Conductance algorithms, is employed to extract the 

maximum available power from the PV module. Concurrently, a wind turbine generator feeds 

power into the system through an uncontrolled rectifier that converts the variable-frequency 

AC output into DC. This rectified wind energy is also processed through an MPPT unit to 

optimize energy extraction. 

 

Figure 1: Solar-Wind combination renewable energy equipment coupled to a distributed grid 

that is regulated by STATCOM. 

The outputs of both renewable sources are combined at a common DC link, which serves as 

the primary power bus of the system. A Static Synchronous Compensator (STATCOM) is 

integrated into the system to enhance voltage stability, mitigate power quality issues, and 

provide dynamic reactive power compensation at the point of common coupling (PCC). The 

STATCOM is controlled by a feedback-based controller that dynamically adjusts its operation 

based on voltage and current conditions to maintain system stability during transients and load 

fluctuations. 

The consolidated DC power is fed into an AC bus through a transformer interface, which also 

connects the system to the utility grid and the local load. The transformer ensures proper 

voltage matching and galvanic isolation between the DC system and the AC grid. The 

controller coordinates the overall operation, including MPPT tracking, STATCOM response, 

and source-load balancing. This hybrid architecture enables flexible and efficient power 

sharing [27-28] between renewable sources, the grid, and the load, while enhancing the 
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system’s reliability, power quality, and grid compliance under diverse environmental and load 

conditions. 

3 Static Synchronous Compensator (STATCOM) 

STATCOM is a type of FACTS devices that uses voltage source converter (VSC) technology. 

It is used in energy distribution and transmission systems to offer dynamic compensation for 

reactive power. When connected in parallel with the B2 as shown in Figure 1, it enhances 

voltage regulation. It also reduces voltage stability problems caused by excessive reactive 

energy on the supply. VSC indirectly controls reactive energy by either producing or using it. 

Therefore, the criteria for achieving an improved voltage profile is accomplished. Reducing 

the rating for voltage helps to control VSC’s cost and size, consequently transformer for 

coupling is required. To enhance the adaptability and robustness of STATCOM control under 

dynamic grid conditions, this work integrates a Whale Optimization Algorithm (WOA) to 

optimally tune the gains of PI controllers. The goal is to minimize voltage deviation and 

improve dynamic response during disturbances and load changes. 

4 Whale Optimization Algorithm 

Since whales are among the most intelligent animals, WOA, a new optimization technique, 

imitates their behaviour. Human cells share some of their brain cells. Finding the almost ideal 

PI control settings to regulate the flow of reactive power between the hybrid system and the 

STATCOM-based grid is its primary use. The STATCOM is to be driven by the PI controller. 

KP and KI are the two gains of the PI controller. To find the ideal PI controller parameters 

while minimizing J’s objective function during any fault events, the WOA optimization 

procedure is introduced. The definition of the objective function, J, is given by Equation 1. 

 𝐉 =

 ∫ (𝐞𝐯(𝐭)𝟐)𝐝𝐭                                                                                                                             (𝟏)
𝐭

𝟎
  

In order to calculate the objective function J, which is introduced in Equation 1, the solution 

begins by assuming random solutions for the optimal parameters of the PI controller. WOA 

determines the goal function based on the updates made to the search agents at each iteration 

point. The optimal solution is saved after the procedure is done as many times as possible. 

Figure 2 shows the WOA flow chart for the best PI control parameter adjustment. 

The Whale Optimization Algorithm (WOA) mimics the hunting behavior of humpback whales, 

particularly their bubble-net feeding strategy shown in Figure 2. This optimization process can 

be categorized into three primary stages: encircling prey, exploitation, and exploration. 
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Figure 2: WOA-Based Optimization Process. 

4.1 Encircling Prey (Trapping Mechanism) 

Once the prey’s location is identified, humpback whales instinctively swim around it in a 

circular motion. In the WOA context, this behavior is modeled by assuming that the best current 

candidate solution (referred to as the best whale) is located near the prey. Other agents in the 

population update their positions relative to this best solution in an attempt to converge on the 

global optimum. The mathematical formulation for the encircling behavior is given by 

Equation 2 & Equation 3. 

𝐻⃗⃗ = |𝐸.⃗⃗  ⃗ 𝑌𝑃⃗⃗ ⃗⃗  (𝑖) − 𝑌⃗  (𝑖)|                                                                                                                       (2)                                          

𝑌⃗ (𝑖 + 1) = 𝑌𝑃⃗⃗ ⃗⃗   (𝑖) − 𝐷⃗⃗  . 𝐻 ⃗⃗⃗⃗                                                                                                                  (3)                                    

where: 

• 𝑌⃗  (𝑖)is the position of the current whale at iteration iii, 

• 𝑌𝑃⃗⃗ ⃗⃗   (𝑖) is the position of the best solution found so far, 

• 𝐻⃗⃗  is the distance between the whale and the best solution, 

• 𝐷⃗⃗  and 𝐸⃗  are coefficient vectors. 

The coefficients are calculated by Equation 4 & Equation 5. 

𝐸⃗ = 2𝑟2                                                                                                                                              (4)                                                                        

𝐷⃗⃗ = 2𝑑 . 𝑟1 − 𝑑                                                                                                                                   (5)                                                           

where: 
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• 𝑟1 and 𝑟2 are random numbers in the range [0, 1], 

• 𝐷⃗⃗  is a linearly decreasing parameter from 2 to 0 over the course of iterations. 

This mechanism allows the whales to gradually shrink their search radius as they converge 

towards the optimal solution. 

4.2 Exploitation Stage (Bubble-Net Attacking Method) 

During the exploitation phase, the whales update their positions using two concurrent 

strategies: the shrinking encircling mechanism and the spiral updating position method, both 

of which mimic the bubble-net attack behavior. 

• The shrinking mechanism reduces the distance between the whale and the prey by 

decreasing 𝑑 . 

• The spiral updating simulates a helix-shaped path toward the prey. 

The spiral updating is given by Equation 6. 

𝑌⃗ (𝑖 + 1) = 𝐹′⃗⃗  ⃗. 𝑏𝑒𝑙(2𝜋𝑟) + 𝑌𝑃⃗⃗ ⃗⃗  (𝑖)                                                                                                       (6)                             

where: 

• 𝐹′⃗⃗  ⃗ is the distance to the prey. 

• 𝑏𝑒𝑙 is a constant defining the shape of the logarithmic spiral? 

• 𝑟 is a random number in [0,1]. 

 

The position update rule combining both strategies with a 50% probability is expressed by 

Equation 7. 

𝑌⃗ (𝑖𝑡 + 1) =

{
𝑌𝑃⃗⃗ ⃗⃗   (𝑖) − 𝐷⃗⃗ . 𝐻⃗⃗                𝑝 < 0.5

𝐹′⃗⃗  ⃗. 𝑏𝑒𝑙(2𝜋𝑟) + 𝑌𝑃⃗⃗ ⃗⃗   (𝑖)  𝑝 ≥ 0.5
                                                                                  (7)          

where 𝑝 ∈ [0,1] is a probability factor. 

4.3 Exploration Stage 

In the exploration phase, whales search for new potential solutions by moving toward randomly 

selected whales, rather than the current best. This encourages global exploration and helps 

escape local optima. The equations governing the exploration behavior are given by Equation 

8 & Equation 9. 

 𝐹 = |𝐷⃗⃗ . 𝑌𝑟𝑎𝑛𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ −

𝑌⃗ |                                                                                                                            (8)                                                            

𝑌⃗ (𝑖 + 1) = 𝑌𝑟𝑎𝑛𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝐷⃗⃗ . 𝐻⃗⃗                                                                                                                    (9)                                                   
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where 𝑌𝑟𝑎𝑛𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the position vector of a randomly chosen whale from the current population? 

5 Results and Discussions 

The Figure 3 represents the continuous time-wise variation of active and reactive loads on a 

grid-tied hybrid renewable energy system, subjected to different loading conditions categorized 

as Loading A, Loading B, and Loading C. These loading phases are distinctly color-shaded in 

the background for clarity. The system load profile is composed of four major components: 

LOAD-1 (2 MW, Resistive), LOAD-2 (10 MW, Resistive), LOAD-3 (8 MW, Resistive), and 

LOAD-4 (10 MVAR, Inductive). Each load component dynamically contributes to the total 

power demand at different intervals. 

LOAD-1, a constant resistive load of 2 MW, remains present throughout the simulation time 

from 2 to 8 seconds. This base load ensures a steady-state baseline against which other transient 

behaviours can be evaluated. LOAD-2, representing a higher magnitude resistive load of 10 

MW, is active during most of the intervals except for the Loading 

 

Figure 3: Continuous time-wise variation of active and reactive loads on a grid-tied hybrid 

renewable energy system. 

C phase (5–6 seconds), where it is absent, reflecting the practical scenarios of industrial load 

fluctuations. LOAD-3, a mid-range resistive load of 8 MW, appears only during 3–4 seconds 

under the Loading B phase. It introduces a sudden surge in active power demand, simulating 

an abrupt load event such as motor startups or sudden industrial operations. LOAD-4, a purely 

reactive inductive load of 10 MVAR, is strategically activated during 3–4 seconds and again 

from 6.5 to 8 seconds, aligning with Loading B phases. This component introduces additional 

reactive power absorption, significantly stressing the system’s voltage profile. 

During the Loading A phases (2–3s, 4–5s, 6–7s), the system experiences moderate resistive 

loading conditions (12 MW), maintaining operational stability close to nominal voltage levels. 

In contrast, the Loading B phases (3–4s and 7–8s) are associated with significant stress due to 

the sudden addition of both active and reactive loads. The presence of LOAD-3 and LOAD-4 

simultaneously during 3–4 seconds, and the continued presence of LOAD-4 during 6.5–8 
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seconds, impose severe dynamic demands on the grid, potentially causing voltage dips and 

transient instabilities. The brief Loading C phase (5–6s) presents a low-loading scenario with 

only the base load active, serving as a relief interval that tests the system’s performance under 

light-load conditions. 

From a system dynamic perspective, the interplay of high active and reactive demands during 

Loading B phases necessitates effective voltage regulation strategies. The Figure 3 effectively 

demonstrates the critical role of fast-responding devices, such as STATCOMs, to stabilize bus 

voltages and mitigate transient effects during these stress periods. The constructed load 

variation closely mimics real-world phenomena like industrial motor starting, sudden 

commercial load additions, and large-scale inductive load operations, thereby validating the 

practical relevance of the hybrid system’s simulation environment. 

In summary, Figure 3 provides an insightful visualization of the operational challenges 

encountered in hybrid renewable energy systems integrated with power grids. It offers a robust 

test environment for evaluating controller performance (such as WOA-PI tuned STATCOM) 

under diverse and practical load disturbance scenarios, thereby supporting a comprehensive 

performance analysis in both steady-state and dynamic conditions. 

The Figure 4 presents the variation of active and reactive power at the load bus under different 

loading conditions. The active power (plotted in blue) fluctuates significantly over time, 

reflecting changes in system loading due to simulated disturbances. Notably, a sharp increase 

in active power is observed between 3 and 4 seconds, corresponding to a heavy load condition, 

followed by a sharp drop during 5 to 6 seconds representing a light load phase. Meanwhile, the 

reactive power (plotted in red dashed line) shows a moderate rise during high loading intervals 

but remains close to zero during light load conditions. This combined behaviour demonstrates 

the dynamic response of the hybrid system and highlights the importance of reactive power 

management to maintain voltage stability across varying load scenarios. 

The Figure 5 presents the temporal variation of grid power under different loading conditions, 

specifically for Case III. Both active power and reactive power are plotted on a common Y-

axis labeled Grid Power, with appropriate rescaling applied to reactive power to facilitate direct 

visual comparison. 

The active power, represented by a blue dash-dot line, initially holds steady at approximately 

–2.5 MW up to 3 seconds, reflecting a stable grid supply to the connected load. Between 3 and 

4 seconds, the power drops to –3.5 MW, indicating a sudden increase in load demand requiring 

greater power draw from the grid. Subsequently, from 4 to 5 seconds, the power level returns 

to –2.5 MW, suggesting a return to baseline demand. A significant change occurs from 5 to 6 

seconds, where the active power sharply rises into the positive region (approximately +0.8 

MW), implying a scenario of local generation exceeding demand—resulting in net power being 

fed into the grid. Post 6 seconds, the system stabilizes back to the initial –2.5 MW. 

The reactive power, shown as a red dashed line, exhibits similar dynamic behavior 
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Figure 4: Active and reactive power at the load bus under different loading conditions. 

 

Figure 5: Temporal variation of grid power under different loading conditions. 

 

Figure 6: Real-time interaction between active and reactive power components. 

with scaled values for visual alignment. It begins near zero, then rises to about 1 MVAr between 

3 and 4 seconds, likely due to inductive loading. This is followed by a return to neutral reactive 

power levels from 4 to 5 seconds, and then a transition to negative reactive power (–1 MVAr) 

between 5 and 6 seconds, indicating reactive power injection, which could stem from capacitive 

devices or compensation strategies such as STATCOM or SVC operation. After 6 seconds, the 

reactive power settles back to a near-zero baseline. 

Overall, the Figure 6 effectively captures the real-time interaction between active and reactive 

power components of a grid-connected system during varying load conditions. It reflects 



International Journal of Applied Mathematics  

Volume 38 No. 6s, 2025   
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)  
 

Received: August 06, 2025  381 

operational scenarios such as load switching, overgeneration, and reactive power balancing, 

offering insights into system behavior and power quality dynamics. 

Figure 6 illustrates the variation in STATCOM reactive power (QSTATCOM) and terminal voltage 

(VSTATCOM) under dynamic load conditions. The red dashed line represents the reactive power 

output of the STATCOM, while the yellow solid line indicates the voltage at the point of 

common coupling (PCC). 

Initially, when the system is lightly loaded (1–3 s), the STATCOM injects minimal reactive 

power, maintaining a voltage close to 1 pu. Between 3–4 s, as the load increases, the 

STATCOM compensates by injecting a higher amount of reactive power (∼ 4.5 MVAR) to 

support voltage regulation. During the interval 4–5 s, a sudden reduction in load results in 

decreased reactive power output, and subsequently between 5–8 s, the STATCOM continues 

to modulate its output in response to varying reactive demand while maintaining voltage 

stability around 1 pu. 

The smooth and ripple-moderated waveform of VSTATCOM confirms the effective operation of 

the STATCOM in maintaining voltage regulation across fluctuating load scenarios. 

 

Figure 7: Performance evaluation of the proposed control strategy. 

The Figure 7 illustrates the performance evaluation of the proposed control strategy in terms 

of maximum peak overshoot and settling time across different system parameters, namely load 

voltage deviation (∆VLoad), load active power deviation (∆PLoad), grid active power deviation 

(∆PGrid), and grid reactive power deviation (∆QGrid). 

In subplot (a), it is evident that the maximum peak overshoot is minimal for load voltage 

(∆VLoad) and load active power (∆PLoad), indicating effective control over local load 

disturbances. However, comparatively higher overshoots are observed in grid-side parameters, 

particularly in grid reactive power (∆QGrid), suggesting that grid-related disturbances are more 

challenging to suppress completely. 

Subplot (b) presents the settling time associated with these parameters. The load voltage 

(∆VLoad) and load active power (∆PLoad) demonstrate faster settling within approximately 0.2 

seconds, whereas the grid reactive power (∆QGrid) requires a relatively longer time (∼ 0.25 
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seconds) to stabilize. The grid active power (∆PGrid) shows the fastest settling around 0.1 

seconds. 

Overall, the results indicate that the control approach is highly effective in rapidly stabilizing 

the load-side parameters while providing reasonable damping for grid-side power deviations, 

thereby enhancing the dynamic stability and robustness of the hybrid system. 

The provided Figure 8 & Figure 9 compare the harmonic spectra of the hybrid system’s load 

current and load voltage under three different loading conditions: Loading-A, 

 

Figure 8: Harmonic spectra of the hybrid system’s load voltage under three different loading 

conditions. 

Loading-B, and Loading-C. In the first graph, representing the Load Current Harmonics 

Comparison, it is evident that the fundamental component (50 Hz) dominates across all loading 

scenarios, while higher-order harmonics are present with varying magnitudes. Loading-B 

exhibits relatively higher magnitudes of non-fundamental harmonics compared to Loading-A 

and Loading-C, indicating a higher Total Harmonic Distortion (THD) of 1.32%, as compared 

to 0.78% for Loading-A and 0.93% for Loading-C. This suggests that Loading-B induces more 

distortion in current flow, potentially stressing the power electronic interfaces. 

The second graph, illustrating the Load Voltage Harmonics Comparison, similarly shows that 

while the fundamental (50 Hz) voltage component is predominant, there is a consistent 

presence of higher-order harmonics across all cases. However, the THD values for voltage 

remain relatively similar and low among the three loadings, with Loading-A and Loading-C 

each having a THD of 1.81%, and Loading-B slightly higher at 1.83%. This indicates that 

despite variations in load conditions, the voltage waveform quality is effectively maintained, 

demonstrating the robustness of the system’s control strategies—particularly the STATCOM 

action in mitigating voltage harmonics. 

Overall, while load current distortion varies more significantly across different loading 

scenarios, the system successfully preserves voltage waveform quality within acceptable 
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Figure 9: Harmonic spectra of the hybrid system’s load current under three different loading 

conditions. 

harmonic limits, enhancing overall power quality and system reliability. 

6 Conclusion 

This research investigates the effectiveness of a Whale Optimization Algorithm (WOA)tuned 

Proportional-Integral (PI) controlled Static Synchronous Compensator (STATCOM)—termed 

WOA-PI-STATCOM—deployed in a grid-connected solar-wind hybrid renewable energy 

system. The system is evaluated under three distinct loading scenarios developed as case 

studies to assess the compensator’s role in improving voltage regulation, transient stability, and 

overall system reliability under dynamic conditions. Each case study simulates a different 

loading environment to emulate real-world variability. The system’s performance is analyzed 

based on both dynamic response and transient behaviours, including voltage stability, 

overshoot minimization, and settling time under load disturbances. Furthermore, a quantitative 

assessment is conducted to compare the transient response across all scenarios, revealing that 

the integration of WOA-PI-STATCOM effectively maintains voltage profiles at the point of 

common coupling (PCC). It dynamically adjusts reactive power flow, thereby suppressing 

adverse effects such as over-voltages, under-voltages, and reactive power oscillations across 

the grid interface. The simulation results strongly support that the WOA-PI-STATCOM 

enhances voltage stability during varying load disturbances. By optimizing the PI controller 

gains using WOA, the system exhibits superior adaptability to fluctuating load demands and 

shows resilience against transient instabilities. Moreover, the use of WOA enables automatic 

tuning, ensuring optimal control action under nonlinear system dynamics without requiring 

manual reconfiguration. Despite its robust performance, this study deliberately focuses on 

idealized loading conditions, specifically uniform resistive or inductive loads, to simplify 

simulation complexity and emphasize core control behaviors. However, such simplified loads 

rarely reflect real-world electrical environments, which typically involve non-linear and 

unbalanced loads such as those from variable-speed motor drives, inverters, and household 

electronics. These practical loads introduce harmonics, current unbalance, and additional 

system disturbances, challenging the integrity of voltage regulation and grid stability. As an 
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extension of this work, future research could incorporate non-linear and dynamic load profiles 

to better reflect practical operating conditions. Such an enhancement would provide valuable 

insights into the impact of real-world load characteristics on system performance and allow for 

a more rigorous evaluation of WOA-PI-STATCOM’s capability in mitigating harmonic 

distortions and current imbalances. Additionally, comparative analyses involving advanced 

adaptive control techniques or AI-based controllers could further strengthen the findings and 

promote the development of more resilient and intelligent grid-integrated hybrid renewable 

energy systems. 

7 System Description 
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