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1. Introduction 
Emissions of greenhouse gases, particularly CO₂ from FFs, have been a major contributor to the 

recent decades' rapid climate change [1], [2]. The energy mix must shift from FFs to RESs including 
PV, biofuels, hydropower, geothermal, and wind in order to reduce these emissions [3], [4]. PV 
systems must fulfill strict reliability requirements, guaranteeing that every component operates as 
intended, in order to be practical and economical [5]. However, design flaws and environmental 
factors can lead to PV system failures, especially with regard to their power electronics [6]-[8]. 

Over the years, the primary goal of GC- PV inverters have been to maximize the power output 
of PV modules. However, by providing extra ancillary services, they can also help maintain grid 
stability [9], [10]. According to international regulations, new PV inverters are now expected to 
provide these auxiliary capabilities in order to preserve the stability and integrity of the power supply. 
These functions aid in reestablishing equilibrium when load and generation are out of balance [11]-
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[13]. Future PV inverters will have increased power density, efficiency, and dependability due to 
continuous technical advancements. Although it helps the power system fulfill growing energy 
demands, integrating RESs poses stability issues [14], [15]. Operators constantly update grid codes 
and standards in order to adapt. The impact of grid failures on interconnected RESs installations is a 
major worry. This is addressed by FRT standards, which guarantee that renewable units continue to 
function during brief voltage drops, preserving system stability in the event of a malfunction [16]-
[18]. 

Because three-phase transmission failures frequently resulted in total voltage decreases and 
decreased power output, wind turbines were historically the main focus of FRT regulations [19]-[21]. 
However, in order to prevent complete power loss and guarantee system dependability, FRT 
requirements for PV systems have become equally crucial due to the increasing proliferation of PV 
power plants. In order to ensure transient stability and post-fault synchronization, FRT capability—
which is evaluated in labs using specialist units—is essential for preserving converter operation during 
brief grid outages [22], [23]. 

FRT augmentation in GC- PV systems have been the subject of numerous studies. approaches 
include advanced control systems for managing active and reactive power [24], [25], current control 
approaches to reinforce fault performance [26], and adaptive power tracking for increased efficiency 
without additional hardware [20]. Other papers focus on instantaneous power theory for optimal fault 
response [27], flexible current control algorithms [28], and active power curtailment [29]. Fuzzy logic 
[30], [31], optimum algorithms [32], and hybrid neuro-fuzzy techniques [33] are examples of 
intelligent and optimal control strategies that have further improved FRT capabilities, enhancing 
system stability and dynamic response [34], [35]. 

A key element of control systems, the PI controller is frequently employed in feedback-based 
methods to control system output by reducing the discrepancy between desired and actual values [36]. 
Because of its simplicity, affordability, and convenience of use, the PI controller supports grid stability 
and power quality by efficiently enhancing the FRT capabilities of systems by controlling inverter 
voltage and current during faults [37]. GC-PV systems' transient response is further enhanced by 
algorithmic optimization, which lowers rising time, undershoot, and overshoot. Numerous power 
system issues, such as optimal power flow, reactive power and economical dispatch, and optimal 
allocation of FACTS, have been successfully solved by metaheuristic algorithms like PSO, WHO, 
HAS, POA, and GA [38]-[40]. 

The optimization-based improvement of FRT in PV systems has been the subject of numerous 
studies. In [41], PI controllers in multi-area power systems were tuned using BFO and PSO. PSO had 
subpar FRT performance and premature convergence, despite achieving effective tuning. Likewise, 
[42], [43], optimized PI controllers for FRT enhancement in GC-PV systems using the MPA. Despite 
improvements in overshoot and settling time, comparisons with GWO and PSO revealed that both 
approaches lacked computational efficiency and robustness under a variety of fault circumstances. 

The convergence speed, stability, and performance of conventional algorithms like PSO, GWO, 
and WOA under various fault scenarios continue to be issues despite a great deal of effort in this field. 
This work suggests GRO for PI controller tuning for DCBVS in GC- PV systems. System stability is 
increased during both symmetrical and asymmetrical faults thanks to the GRO approach's quicker 
convergence, increased precision, and better balance between transient and steady-state performance. 

The structure of the paper is as follows: The GC- PV system and its control approach are 
explained in Section 2, the applied methods (PSO, WHO, and the proposed GRO) is presented and 
their cost objective function at 100 iterations in Section 3, system performance is examined under 
various fault scenarios in Section 4, GRO is contrasted with other optimization strategies in terms of 
ST, OS, and PE in Section 5, and the study is concluded in Section 6. 
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2. Studied System and Its Control Schemes 
In order to represent electrical circuits, PV cells are connected in series or parallel to form PV 

arrays. The SDM is popular because it accurately and simply depicts a PV module. It has two 
resistances (series and parallel) to compensate for power losses, a diode, and a current source. As seen 
in Fig. 1, the I-V relationship is represented by a nonlinear equation, and the diode's I-V characteristics 
are similar to those of PV cells [44]-[46]. In [47], [48], the equations, for the real and nominal 
conditions are given and fully detailed. 
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Fig. 1. SDM circuit 

In the planned 100 kW system, a SunPower SPR-305E-WHT-D PV module was used. Table 1 
lists its electrical properties under typical test settings and contains comprehensive details about the 
PV array [49]. As seen in Fig. 2, the studied system, which is modeled in MATLAB/Simulink, consists 
of a PV array, DC–DC converter, grid-side inverter, step-up transformer, capacitor, and a double 
transmission line that is connected to the grid. 

 

Fig. 2. Block diagram of the investigated GC-PV system 
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As illustrated in Fig. 3, the suggested GRO-PI controller uses the INC approach to adjust the D of the 
boast converter in order to accomplish MPPT [50]. For modulation, its output is contrasted with a 5 
kHz TC. 

Table 1.  The PV array's detailed information and electrical characteristics under standard test conditions 

Parameters of manufacturer Values Parameters of 100 kW Vaues 
𝑃&'( (W) 305.226 𝑉&) (V) 273.5 
𝐼*+ (A) 5.96 𝐼&) (A) 368.28 

𝐾, (A/OC) 0.061745 𝑃&'( (W) 100.35 
𝑉-+ (V) 64.2 𝑁*./0.1 5 
𝑉&) (V) 54.7 𝑁)2//23.3 66 

𝐾4 (mV/OC) -272.69 ـــــــــــ ــــــــــ   
𝐼&) (A) 5.58 ــــــــــ ــــــــــ   

 

 
Fig. 3. Control of converter to get MPPT with the support of GRO-PI controller 

The suggested solution uses an inverter with 3Ø of 6 IGBT transistors to use the GRO. Two 
cascaded PI loops are used to achieve the ideal PI settings, as illustrated in Fig. 4. The approach works 
in the rotating d-q frame, where the 3Ø -Vs and Is of the system are synchronized by a PLL. All of Id-

q are controlled by the inner loops, while the outer loops govern the PCC- V and the DCV, which is 
kept at 1 pu. Firing pulses are produced by comparing 3Ø – standard Vs obtained from d-q signals 
with a 5 kHz -TC The control objectives are efficiently met by the GRO- PI controllers. 

 
Fig. 4. System control loops based on GRO-PI controller 
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A GC-PV system comprising five optimized PI controllers is proposed. Two controllers (PI1, 
PI2) regulate the VDC, two (PI3, PI4) manage the Id and Iq, and one (PI5) controls the PV system’s 
INC.  The GRO, WOA, and PSO optimize all (𝐾/ and 𝐾0). Each run 7 times with 20 iterations and 30 
particles to minimize the ISE. The best fitness and objective values are presented, and GRO results 
are compared with PSO and WOA. The corresponding optimal PI gains are listed in Table 2. 

Table 2.  Optimized controller gains  

Gains PSO WHO GRO (proposed) 
𝐾51 6.218348 3.51834 4.06872 
𝐾01 10.21328 8.57465 12.8991 
𝐾52 0.034498 0.11410 0.13203 
𝐾02 5.988741 6.14867 7.96143 
𝐾53 97.18342 97.8743 98.6916 
𝐾03 10.03782 7.05084 7.68009 
𝐾54 0.088431 0.06152 0.07513 
𝐾04 6.809107 4.91093 6.69869 
𝐾55 0.181754 0.24186 0.32095 
𝐾05 9.240097 9.09189 8.30469 

3. Implemented Optimization Techniques 

3.1. PSO Method 

By simulating a PS's collective behavior, the PSO effectively optimizes complicated problems. 
Based on its own and its neighbors' experiences, each particle iteratively changes its position and 
velocity, as seen in Fig. 5 [16], [51]. Convergence toward the ideal solution is made possible by PSO, 
which balances exploration and exploitation through velocity adjustments. The update procedure 
adheres to the formulas provided in [52], [53]. The symbols of equations are fully detailed in [54], 
[55]. 

 𝑉0(𝑡 + 1) = 𝑤𝑣0(𝑡) + 𝑐-𝑟-[𝑥∗0(𝑡) − 𝑥0(𝑡)] + 𝑐.𝑟.[𝑔(𝑡) − 𝑥0(𝑡)] (7) 

 𝑥0(𝑡 + 1) = 𝑥0(𝑡) + 𝑣0(𝑡 + 1) (8) 

3.2. WHO Method  

The WHO is a metaheuristic inspired by WH’ cooperative hunting behavior, used to solve 
complex optimization problems. Fig. 6 presents its flowchart [56]. In WOA, each whale updates its 
position through mathematical models that emulate encircling, spiral bubble-net, and search actions, 
effectively balancing exploration and exploitation. The position updates follow the equations given in 
[57], [58]. The next equations are fully illustrated in [56], [59]. 

 A = 2ar − a (9) 

 C = 2r (10) 

 X(t + 1) = X∗(t) − AD (11) 

 D = |C	X∗(t) − X(t)| (12) 

 DX(t + 1) = X2345 − AD (13) 

 X6(t + 1) = D6e78 cos(2πl) + X∗(t) (14) 
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Fig. 5. PSO technique 

 
Fig. 6. WHO method 
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3.3. GRO Method (Proposed) 

This section introduces the GRO, a population-based metaheuristic inspired by gold-seeking 
behaviors during the GR Era. The algorithm is founded on three main principles: migration, 
collaboration, and panning. After outlining their mathematical formulation, the GRO process is 
described in detail [60]-[63]. 

The GRO simulates key events of the GR. The positions of gold prospectors are stored in a matrix 
𝑀𝐺𝑃 (15), where 𝑦09denotes the position of prospector i in dimension j, and d and n represent the 
problem dimension and number of prospectors, respectively [64]. 

 𝑀:! = O

𝑥-- 𝑥-. … 𝑥-;
𝑥.- 𝑥.. … 𝑥.;
⋮ ⋮⋱ ⋱ ⋮
𝑥<- 𝑥<. … 𝑥<;

	S (15) 

An objective function evaluates each prospector’s performance, with the results recorded in the 
𝑀𝐹matrix (16). Here, 𝑦09represents the prospector’s position in dimension j, and f is the evaluation 
function. 

 𝑀= = O

𝑓(𝑥-- 𝑥-. … 𝑥-;)
𝑓(𝑥.- 𝑥.. … 𝑥.;)
⋮ ⋮⋱ ⋱ ⋮

𝑓(𝑥<- 𝑥<. … 𝑥<;)

	S (16) 

To find GR, GR prospectors set out on expeditions. The richest gold mine in the optimization 
framework is the optimal location in the search space. The position of the top-performing prospector 
is used as a rough approximation because the precise location is unknown. The next equations are 
used to model the prospector's journey toward the gold mine [64]. 

 𝐷-WWWW⃗ = 𝐶-	WWWWW⃗ .		𝑋>∗WWWW⃗ 	(𝑡) − 𝑋>WWW⃗ (𝑡) (17) 

 𝑋𝑛𝑒𝑤>WWWWWWWWWWWW⃗ 	(𝑡 + 1) = 𝑋>WWW⃗ (𝑡) +	𝐴-WWWW⃗ 	. 𝐷-WWWW⃗  (18) 

 𝐴-WWWW⃗ = 1 +	𝑙-(𝑟-	WWWW⃗ −
1
2
	) (19) 

 𝐶-WWWW⃗ = 2	𝑟.	WWWW⃗  (20) 

 𝑙? = _
𝑚𝑎𝑥0)?@ − 𝑖𝑡𝑒𝑟
𝑚𝑎𝑥0)?@ − 1

c
?
	_2 −

1
𝑚𝑎𝑥0)?@

c +
1

𝑚𝑎𝑥0)?@
 (21) 

 

Every GR prospector looks for attractive locations, and in the algebraic model, each site is a 
possible gold mine. The next equations are the definitions of the important mathematical relations of 
GR mining [64], [65]: 

 𝐷.WWWW⃗ = 𝑋>WWW⃗ (𝑡) −	𝑋@WWWW⃗ (𝑡) (22) 

 𝑋𝑛𝑒𝑤>WWWWWWWWWWWW⃗ 	(𝑡 + 1) = 𝑋@WWWW⃗ (𝑡) +	𝐴.WWWW⃗ 	. 𝐷.WWWW⃗  (23) 

 𝐴.WWWW⃗ = 2𝑙.	𝑟-	WWWW⃗ − 	 𝑙. (24) 
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The collaboration between GR hunters is described in the next equations, where g1 and g2 stand 
for two prospectors chosen at random [64]. 

 𝐷AWWWW⃗ = 𝑋B%WWWWWW⃗ (𝑡) −	𝑋B$WWWWWW⃗ (𝑡) (25) 

 𝑋𝑛𝑒𝑤>WWWWWWWWWWWW⃗ 	(𝑡 + 1) = 𝑋>WWW⃗ (𝑡) +	𝑟-WWW⃗ 	. 𝐷AWWWW⃗  (26) 

 

As stated in (27) for eradication instances, the GR panner goes to the fresh location if the goal 
function rises; if not, it stays in place. The GRO approach is illustrated in Fig. 7, highlighting its ease 
of use and lucidity [60]. 

 𝑋>WWW⃗ (𝑡 + 1) = 𝑋𝑛𝑒𝑤>WWWWWWWWWWWW⃗ 	(𝑡 + 1)										if			𝑓 f	𝑋𝑛𝑒𝑤>WWWWWWWWWWWW⃗ 	(𝑡 + 1)g 	< 		𝑓	 f𝑋>WWW⃗ (𝑡)g (27) 

 

Fig. 7. GRO flowchart [64] 
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Fig. 8 illustrates the convergence characteristics of three optimization algorithms— PSO, WHO, 
and the proposed GRO—in minimizing the cost function over 100 iterations. The x-axis represents 
the number of iterations, while the y-axis (logarithmic scale) shows the corresponding cost function 
values. From the graph, the GRO demonstrates the fastest and most consistent convergence, achieving 
the lowest cost value among the three algorithms. This indicates that GRO provides superior 
optimization efficiency and stability, reaching an optimal solution with fewer iterations. In contrast, 
the PSO shows slower convergence and higher final cost values, suggesting it gets trapped in local 
minima. The WHO performs better than PSO but still converges to a higher cost than GRO. Overall, 
the GRO exhibits the best optimization performance, achieving a more accurate and stable solution 
with faster convergence compared to PSO and WHO. 

 

Fig. 8. Cost function of the applied three optimizers 

4. Simulated Results  
The MATLAB/Simulink simulation platform is used to thoroughly simulate and analyze the GC-

PV power plant. The GRO is used to optimize the parameters of the PI control strategy, which is 
incorporated into the system design to obtain improved control performance. The goal of this 
improvement is to improve the PV-DCBVS performance under different fault types. To assess the 
system's dynamic responsiveness, stability, and power quality during grid disruptions, extensive time-
domain simulations are conducted under STC. 

4.1. Case 1: 3LG fault  

The GRO- PI controller is tested under a 3LG fault applied at 3.1 s and cleared at 3.2 s. Results 
are compared with WOA- PI and PSO- PI to verify the GRO impact. The V-dip (reaches zero) triggers 
the inverter to supply Q for grid stabilization. Fig. 9 shows stable VDC performance, and Table 3 
summarizes key metrics—overshoot, settling time, and steady-state error. The GRO method achieves 
lower overshoot, faster settling, and smaller steady-state error, demonstrating improved transient 
response. 

Table 3.  OS, ST, and PE in case (3LG) 

VDC PSO WHO GRO (proposed) 
OS (%) 60.45 59.29 57.52 
ST (s) 1.089 1.087 1.057 
PE (%) ≈0.18 ≈0.007 ≈0.0017 
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Fig. 9. The VDC key indicators under 3LG fault: (a) OS; (b) ST; (c) PE 

4.2. Case 2: 1LG fault  

The GRO control method was evaluated for VDC durability under the 1L_G condition. As shown 
in Table 4, GRO outperforms the others by maintaining an optimal balance between fast transient 
response and low PE. Although PSO achieved the best VDC regulation, it lagged in other aspects, 
while WHO exhibited the slowest ST and highest OS as depicted in Fig. 10. 

Table 4.  OS, ST, and PE in case (1LG) 

VDC PSO WHO GRO (proposed) 
OS (%) 3.64 5.21 4.57 
ST (s) 0.90 0.998 0.917 
PE (%) ≈0 ≈0.06 ≈0.007 

 

4.3. Case 3: 2LG fault  

Under the 2L_G condition (Table 5, Fig. 11), GRO again delivers the most balanced 
performance, combining quick settling with high accuracy. WOA achieves the lowest PE but slower 
dynamics, whereas PSO shows higher OS and reduced stability. 
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Fig. 10. The VDC key indicators under 1LG fault: (a) OS; (b) ST; (C) PE 

Table 5.  OS, ST, and PE in case (2LG) 

VDC PSO WHO GRO (proposed) 
OS (%) 23.54 23.62 22.89 
ST (s) 0.97 1.02 0.94 
PE (%) ≈0.03 ≈0.004 ≈0.001 

 

4.4. Case 4: 2L fault  

For the line-to-line (L_L) fault case (Table 6, Fig. 12), GRO remains the most consistent 
approach, providing a good trade-off between speed and precision. WOA offers high accuracy but 
slower recovery, and PSO responds faster but with greater overshoot. Overall, GRO demonstrates the 
best compromise between transient and steady-state performance across all fault scenarios. 

Table 6.  OS, ST, and PE in case (2L) 

VDC PSO WHO GRO (proposed) 
OS (%) 18.48 18.78 17.73 
ST (s) 0.947 1.013 0.923 
PE (%) ≈0.02 ≈0.002 ≈0.001 
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Fig. 11. The VDC key indicators under 2LG fault: (a) OS; (b) ST; (C) PE 

5. Discussions 
The VDC performance of the GC- PV system was analyzed using three optimization techniques: 

PSO, WHO, and the proposed GRO. The comparison, based on OS, ST, and PE, consistently shows 
that the proposed GRO method achieves superior overall performance. For various operating 
conditions, GRO provides smoother transient behavior, faster settling, and higher voltage accuracy 
than PSO and WHO. For instance, GRO achieves the lowest OS values of 57.52%, 22.89%, 17.73%, 
and 4.57% across different test scenarios, indicating reduced voltage stress and improved transient 
stability as seen in Fig. 13. It also demonstrates the fastest STs of 1.057 s, 0.94 s, 0.923 s, and 0.917 
s, compared with longer stabilization periods under PSO and WHO as seen in Fig. 14. Moreover, the 
GRO controller achieves exceptionally low PEs—approximately 0.0017%, 0.001%, 0.001%, and 
0.007%—highlighting its superior precision in maintaining the reference VDC as seen in Fig. 15. 
Overall, the proposed GRO-based controller offers enhanced voltage regulation, faster dynamic 
response, and better steady-state accuracy, ensuring more stable and efficient operation of GC-PV 
systems under varying conditions. 
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Fig. 12. The VDC key indicators under 2L fault: (a) OS; (b) ST; (C) PE 

 

Fig. 13. The OS percentage with the investigated optimizers under the four fault conditions 
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Fig. 14. The ST period with the investigated optimizers under the four fault conditions 

 

Fig. 15. The PE percentage with the investigated optimizers under the four fault conditions 

6. Conclusion 
The study verified the effectiveness of the GRO in enhancing the DCBNS of GC- PV systems. 

By optimally tuning the PI controller, GRO improved both transient and steady-state performance 
under different fault conditions, outperforming PSO and WOA. In the (3LG, 1L_G, 2L_G, and L_L) 
fault, it achieved superior VDC stability with minimal overshoot and faster recovery. GRO 
maintained balanced transient and steady-state responses. GRO achieved quicker voltage recovery 
and smaller DC-link overshoot, confirming its robustness against grid disturbances. Overall, the 
GRO method enhanced VDC recovery, minimized oscillations, and maintained grid stability—
demonstrating its value for DCBVS in PV plants. Future work should include hardware-in-the-loop 
testing and potential integration with AI or adaptive control to validate and extend its real-world 
applicability. 
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