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 The rapid integration of photovoltaic (PV) systems into power networks 

poses significant challenges to grid stability, including reduced inertia, 

voltage fluctuations, and limited fault ride-through (FRT) capabilities. This 

study presents a comparative analysis of two inverter control strategies: the 

synchronous reference frame (SRF) controller and the virtual synchronous 

generator (VSG) controller. A high-fidelity MATLAB/Simulink model was 

developed, incorporating the effects of irradiance and temperature, 

maximum power point tracking (MPPT), and battery energy storage system 

(BESS) interaction. Standardized fault scenarios were applied at PV 

penetration levels ranging from 30% to 150% in accordance with IEEE-

1547, IEEE-519, and IEC 61727 requirements. The results show that SRF 

control achieves superior harmonic suppression, with a total harmonic 

distortion (THD) consistently below 0.5%, confirming its suitability for 

strong grids prioritizing power quality. However, its stability deteriorated at 

higher penetration levels, with the voltage overshoot reaching approximately 

16% and recovery times exceeding 3 s. In contrast, the VSG control 

demonstrates enhanced transient stability and effective FRT performance, 

with the overshoot limited to ≤5% and recovery achieved within 0.8 s across 

all operating conditions. The main contribution of this study lies in the direct 

benchmarking of the SRF and VSG control strategies under identical 

operating conditions using a unified evaluation framework, including an 

extended analysis beyond 100% PV penetration. The findings highlight a 

fundamental trade-off between harmonic performance and transient stability 

and provide practical guidance for selecting appropriate inverter control 

strategies for renewable-dominated power systems. 
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1. INTRODUCTION 

The advancement of photovoltaic (PV) technology is central to sustainable energy strategies, driven 

by climate change mitigation and the need to reduce greenhouse gas emissions [1]. The global PV capacity 

exceeded 1 TW in 2022 and is projected to supply more than 30% of the electricity demand by 2050, 

supported by declining costs, efficiency gains, and favorable policies [2]. Despite this growth, the 

intermittency of solar irradiance and lack of inherent inertia challenge grid reliability and stability [3], [4]. 

Conventional grids rely on synchronous generators for inertia, frequency regulation, and fault-ride-

through (FRT). However, PV inverters act as grid-connected voltage sources without physical inertia, which 

can increase the rate of change of frequency (RoCoF), voltage instability, and harmonic distortion in weak 

https://creativecommons.org/licenses/by-sa/4.0/
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grids [5]–[7]. To address these issues, grid codes such as IEEE-1547, IEEE-519, IEC 61727, and ENTSO-E 

mandate low-voltage ride-through (LVRT), harmonic suppression, and reactive current support [8]. 

Among the control methods, the synchronous reference frame (SRF) controller, a grid-following 

approach, offers accurate active/reactive power control and excellent harmonic suppression [9], [10]. 

However, its reliance on phase-locked loops (PLLs) renders it less robust in weak grids [11], [12]. In 

contrast, the virtual synchronous generator (VSG), a grid-forming approach, emulates synchronous machine 

inertia and damping, thereby improving the transient response and frequency stability [13], [14]. However, it 

is more sensitive to parameter tuning and is generally inferior in terms of harmonic suppression [15], [16]. 

Recent studies reflect these trade-offs: SRF improves harmonic suppression and transient control [12], 

[13], whereas adaptive VSGs enhance fault ride-through and inertia support [17]–[20]. However, VSG 

performance is highly dependent on the inertia and damping coefficients [21], [22], and comparative evaluations 

remain scarce, often assessing the SRF for power quality and VSG for stability under different conditions [23]. 

Despite these advancements, several limitations remain in the field. Many existing studies adopt 

simplified DC-link representations or ideal DC sources, neglecting the influence of photovoltaic operating 

conditions, such as irradiance and temperature, on system performance. In addition, comparative analyses 

between the SRF and VSG controllers are often conducted under non-uniform operating conditions, limiting 

the validity of the conclusions. Furthermore, comprehensive evaluations under short-circuit fault scenarios 

are limited, particularly those using standardized performance metrics such as recovery time, RoCoF, and 

fault ride-through capability. This limits the ability to assess realistic grid behavior under disturbance 

conditions in the field. 

This study addresses these gaps by i) Developing a PV model incorporating irradiance and 

temperature effects with maximum power point tracking (MPPT); ii) Integrating a battery energy storage 

system (BESS) for coordinated control; and iii) Conducting a systematic fault-based evaluation across PV 

penetration levels ranging from 30% to 150%. Unlike prior studies with simplified models or non-standard 

test conditions, this study employs IEEE/IEC-aligned benchmarking metrics, including total harmonic 

distortion (THD), recovery time, and FRT compliance, with stress scenarios up to 150% penetration to 

emulate over-generation conditions. 

The contribution of this study stems from assessing the SRF and VSG control strategies under the 

same operating conditions within a unified benchmarking framework. The results show that SRF control is 

better suited for strong grids where high power quality is essential, while VSG control demonstrates greater 

robustness in weak or low-inertia systems. These findings provide practical guidance for the design and 

operation of stable PV-dominated power systems across a range of grid conditions. 
 

 

2. METHOD 

This study employs a MATLAB/Simulink-based simulation framework to evaluate and compare the 

performance of SRF and VSG control strategies for grid-connected PV systems. The analysis was conducted 

under identical operating and disturbance conditions to ensure a fair and consistent comparison in accordance 

with the IEEE/IEC requirements. 

 

2.1.  System overview 

The simulated system consisted of a grid-connected PV generation unit interfaced through a DC–

DC boost converter and a voltage source inverter (VSI), which was connected to the grid via an LCL filter at 

the point of common coupling (PCC). The PV array operates under fixed environmental conditions with 

irradiance set to 1000 W/m² and temperature maintained at 25 °C. MPPT was implemented using the perturb 

and observe (P&O) algorithm. A battery energy storage system (BESS) rated at 60 kW was integrated on the 

DC side to support the transient power exchange during disturbances. 

In this study, the PV generation was maintained constant at 36 kW for all simulation scenarios. The 

PV penetration level is defined by varying the load demand while keeping the PV output constant. This 

approach enables a controlled evaluation of the system performance across penetration levels ranging from 

30% to 150%, ensuring that variations in the system behavior are attributed to the loading conditions rather 

than changes in generation. 

The simulation was performed in a discrete environment using a fixed-step solver with a sampling time 

of 10 µs, allowing an accurate representation of the switching dynamics and control responses. The total 

simulation duration was 5 s, covering the pre-fault, fault, and post-fault operating intervals. The overall 

configuration of the grid-connected PV system is shown in Figure 1, and the SRF and VSG control 

implementations are illustrated in Figure 2. The main electrical and control parameters used in the simulation 

are listed in Table 1. Measurement blocks are implemented at the PCC to record system variables, including 

voltage, current, THD, voltage deviations, and transient response indicators used in the performance evaluation. 
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Figure 1. General model of the grid-connected PV system 
 

 

 
 

Figure 2. Model of the grid-connected PV system with SRF/VSG control configurations 
 

 

Table 1. System parameters for SRF and VSG control implementation 
Parameter Symbol Value Parameter Symbol Value 

Rf (inverter side) Rf 0.1 Ω DC-link voltage Vdc 800 V 

Lf (inverter side) Lf 5 mH Rc– filter branch Rc 0.5 Ω 

Rg (grid side) Rg 0.03 Ω Cc – filter branch Cc 40 µF 
Lg (grid side) Lg 0.35 mH J (VSG inertia constant) J 0.5 s 

Frequency f 50 Hz D (VSG damping factor) D 10 pu·s 

Grid voltage (L-L RMS) V grid 380 V    

 
 

2.2.  Synchronous reference frame (SRF) control 

The SRF controller is a widely adopted grid-following method that regulates active and reactive 

currents by synchronizing with the grid using a PLL. In the dq rotating frame, proportional–integral (PI) 

regulators independently control the current components, enabling accurate power regulation and robust 

harmonic suppression [24]. This structure is well-suited for stiff grids but exhibits reduced robustness under 

weak-grid conditions owing to its reliance on the PLL. The general control scheme is illustrated in Figure 3. 

Although the SRF controller provides a reliable benchmark for harmonic performance, it lacks the capability 

to emulate physical inertia or damping. This limitation motivates the use of VSG control, which is described 

in the following subsection as the main focus of this study. 
 

2.3.  Virtual synchronous generator (VSG) control 

The VSG controller is a grid-forming strategy that emulates synchronous generator dynamics by 

introducing virtual inertia and damping effects. The simplified control structure is shown in Figure 4. Its 

behavior is governed by the swing in (1) [25]. 
 

{
𝐽

𝑑𝜔

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑒 − 𝐷𝛥𝜔 =

𝑃𝑚

𝜔
−

𝑃

𝜔
− 𝐷(𝜔 − 𝜔0)

𝑑𝛿

𝑑𝑡
= 𝜔 − 𝜔0

 (1) 

 

In this context, ω and ω₀ represent the instantaneous angular speed and nominal frequency of the 

grid, respectively. Tm and Te correspond to the mechanical torque and electromagnetic torque, while Pm and P 

denote the mechanical input power and electrical output power, respectively. J refers to the moment of 

inertia, D is the damping factor, and δ represents the power angle. To emulate the primary frequency 

regulation behavior of a conventional synchronous machine, prime mover control is incorporated into the 

VSG structure. The virtual prime mover control is described by (2). 
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𝑃𝑚 = 𝑃𝑟𝑒𝑓 + 𝐾𝜔(𝜔0 − 𝜔) (2) 
 

By substituting (2) into (1) and applying the Laplace transformation, the closed-loop frequency response is 

obtained as (3), where the equivalent time constant and droop coefficient are defined in (4), respectively. 
 

𝜔0−𝜔

𝑃𝑟𝑒𝑓−𝑃
= −

1

𝐽𝜔0𝑠+𝐷𝜔0+𝐾𝜔
= −

𝑚𝑝

𝜏𝑠+1
 (3) 

 

{
𝜏 =

𝐽𝜔0

𝐷𝜔0+𝐾𝜔

𝑚𝑝 =
1

𝐷𝜔0+𝐾𝜔

 (4) 

 

As shown in (3) and (4), the inertia constant J and damping factor D govern the frequency dynamics 

of the system. A larger J provides stronger inertial support and limits the frequency deviation but slows the 

transient response, whereas a smaller J accelerates the dynamics yet risks instability if the damping is 

inadequate. The damping factor D controls the oscillations: higher values suppress the swings, whereas lower 

values may cause sustained oscillations. Improper tuning of J and D can destabilize the system; in practice, 

low inertia with optimized damping enables fast transients, whereas high inertia with added damping 

enhances robustness [26]. 

Voltage regulation is achieved via reactive power–voltage droop control as (5). 
 

𝑈𝑟𝑒𝑓 = 𝑈𝑁 + 𝑚𝑄(𝑄𝑟𝑒𝑓 − 𝑄) (5) 
 

In (5), 𝑈𝑁 and 𝑈𝑟𝑒𝑓   denote the rated and reference voltages, respectively. 𝑄𝑟𝑒𝑓 represents the reference 

reactive power, while Q indicates the actual reactive power delivered by the system. The parameter 𝑄𝑟𝑒𝑓  

refers to the reactive power–voltage droop coefficient. This control mechanism enables decentralized voltage 

regulation by adjusting the inverter output voltage according to the reactive power demand. An appropriate 

choice of 𝑚𝑄 facilitates accurate reactive power sharing among multiple inverters and improves the overall 

voltage stability of the system. As shown in Figure 4, the VSG approach mimics synchronous machine 

dynamics, providing an inertial response, frequency stability, and robust fault ride-through. Its effectiveness 

depends strongly on the proper tuning of the inertia (J), damping (D), and droop coefficients. 
 
 

 
 

Figure 3. Control structure for synchronously rotating reference frame [24] 
 

 

 
 

Figure 4. Simplified swing-based virtual synchronous generator 
 
 

2.4.  Simulation procedure 

The system was initially operated under steady-state conditions at a specified irradiance and 

temperature. A three-phase short-circuit fault was then applied at the PCC for a duration of 0.2 s to represent 

a severe disturbance. Following fault clearance, the transient recovery behavior was recorded. The simulation 
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was repeated for PV penetration levels ranging from 30% to 150% by varying the load demand while 

maintaining constant PV generation. Identical system configurations and disturbance conditions were applied 

to both the SRF and VSG control strategies to ensure reproducibility and objective comparison. 

 

2.5.  Evaluation metrics 

The performance of the control strategies was evaluated using a set of metrics that captured both 

power quality and dynamic stability. THD was used to assess the current quality. The voltage overshoot (%) 

and voltage surge (V) quantify the magnitude of transient voltage deviations during disturbances, whereas the 

transient recovery time (s) represents the time required for the system to return to a steady-state operation. 

Frequency stability is evaluated using the rate of change of frequency (RoCoF) and frequency nadir, 

defined as the minimum frequency reached during a disturbance. In addition, the power angle (δ) was 

monitored to assess the system synchronism and overall stability. All measurements were obtained at the 

PCC using simulation monitoring tools, ensuring consistency and accuracy across all scenarios. 
 

 

3. RESULTS AND DISCUSSION 

This section evaluates the comparative performance of the SRF and VSG control strategies under 

PV penetration values changing from 30% to 150%, depending on the system model defined in Section 2. 

The analysis considered key performance indicators, including THD, voltage regulation (%VR), transient 

overshoot, recovery time, voltage surge, frequency dynamics, and power angle δ (rad). 

The evaluation was conducted in accordance with the control strategies and performance 

characteristics reported in the literature [17], [20], [27], as well as international grid standards, including 

IEEE-1547 [28], IEEE-519 [29], and IEC 61727 [30]. Representative waveforms at 100% PV penetration are 

presented for both normal and faulted operating conditions, as shown in Figures 5–8. The system 

performance at lower (30%) and higher (125%–150%) penetration levels is summarized in Tables 2 and 3, 

and a comparative overview of all scenarios is provided in Figure 9. This unified evaluation under identical 

operating conditions enables a consistent assessment of the SRF and VSG performances and highlights their 

operational limits under increasing PV penetration. 

 

3.1.  Normal operation performance 

Under steady-state conditions, both controllers maintained synchronism with the grid at all 

penetration levels. However, distinct differences were observed in the harmonic performance and voltage 

regulation, as illustrated in Figures 5 and 6 and summarized in Tables 2 and 3. The SRF controller (Figure 5 

and Table 2) demonstrated excellent harmonic suppression, with the THD consistently below 0.5%, thereby 

satisfying the limits defined in IEEE-519 [29]. A slight overvoltage condition (%VR ≈ −1.5%) was observed 

at higher penetration levels, primarily because of the increased active power injection and dependence on 

PLL dynamics. The power angle δ remained stable at approximately 0.2 rad, indicating strong synchronism. 

In contrast, the VSG controller (Figure 6 and Table 3) achieved tighter voltage regulation, with 

|%VR| not exceeding 1.81% across all penetration levels and remaining within approximately 1.5% for most 

operating points. The THD ranged between 1.14% and 1.76%, remaining within IEEE-519 compliance [29]. 

This behavior is attributed to droop-based voltage regulation and virtual inertia, which enhance power 

sharing and grid support. The power angle δ stabilized at approximately 0.25 rad, reflecting improved active 

power transfer capability. 

These results confirm a clear trade-off between the two control strategies under steady state 

conditions. The SRF controller provides superior harmonic suppression because its current regulation is 

directly synchronized with the grid through the dq reference frame, whereas the VSG controller achieves 

tighter voltage support through droop-based regulation and virtual inertia. Accordingly, the SRF is more 

suitable when power quality is the dominant objective, whereas the VSG offers a stronger voltage support 

capability under varying operating conditions. 
 

 

Table 2. Performance of SRF control under varying PV penetration levels during normal operation and post-

SCC (0.2 s) 
PV 

penetration 

level 

PV 
(kW) 

Load 
(kW) 

PCC 
voltage 

normal 

Grid 
voltage 

(V) 

THD 
(%) 

%VR 
normal 

Voltage at 
PCC (V) 

post SCC 

%VR post 
SCC 

V surge 
post SCC 

Transient 
time (s) 

Overshoot 
(%) 

30% 36.0 120.0 372.32 380 0.2 2.06 379.67 0.09 391.92 1.9 3 

50% 36.0 72.0 377.22 380 0.23 0.74 389.47 2.49 395.59 2.2 4 

70% 36.0 51.43 378.45 380 0.33 0.41 391.92 3.14 398.04 2.4 5 

100% 36.0 36.0 385.79 380 0.4 -1.5 394.37 3.78 428.66 2.6 13 

125% 36.0 28.8 380.9 380 0.34 -0.24 394.37 3.78 440.91 2.9 16 
150% 36.0 24.0 382.12 380 0.36 -0.55 391.92 3.14 431.11 3.1 13 
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Table 3. Performance of VSG control under varying PV penetration levels during normal operation  

and post-SCC (0.2 s) 

 
 

 
 

Figure 5. SRF control performance at 100% PV penetration during normal operation, showing the voltage, 

current, power, frequency response, and power angle δ 

 

 

 
 

Figure 6. VSG controls performance at 100% PV penetration during normal operation, showing voltage, 

current, power, frequency response, and power angle δ 

 

 

3.2.  Fault ride-through and transient response 

The transient performance of both controllers was evaluated under a 0.2 s three-phase short-circuit 

fault at the 100% PV penetration level, as illustrated in Figures 7 and 8 and summarized in Tables 2 and 3. 

The SRF controller (Figure 7 and Table 2) exhibited significant transient stress, with the voltage overshoot 

reaching approximately 13%, the surge voltage increasing to approximately 428.66 V, and the recovery time 

extending to approximately 2.6 s. The frequency dropped to approximately 49.7 Hz, accompanied by a high 

rate of change of frequency (RoCoF), whereas the power angle δ increased to approximately 0.9 rad before 

reconverging. This response indicates that the grid-following structure is more sensitive to severe faults 

because the synchronization depends on the PLL tracking of the disturbed grid voltage. Consequently, the 

PV 
penetration 

level 

PV 
(kW) 

Load 
(kW) 

PCC 
voltage 

normal 

Grid 
voltage 

(V) 

THD 
(%) 

%VR 
normal 

Voltage at 
PCC (V) 

post SCC 

%VR 
post 

SCC 

V surge 
post SCC 

Transient 
time (s) 

Overshoot 
(%) 

30% 36.0 120.0 377.0 380 1.14 0.74 379.67 -0.09 379.67 0.7 0 
50% 36.0 72.0 381.0 380 1.35 -0.24 385.79 1.52 391.92 0.8 3 

70% 36.0 51.43 383.0 380 1.5 -0.87 387.02 1.85 396.82 0.8 4 

100% 36.0 36.0 386.0 380 1.76 -1.5 388.24 2.17 399.27 0.8 5 
125% 36.0 28.8 386.0 380 1.2 -1.5 388.24 2.17 388.24 0.6 2 

150% 36.0 24.0 387.0 380 1.15 -1.81 387.02 1.85 389.47 0.6 2 
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controller experiences larger transient excursions and slower post-fault recovery, consistent with the 

limitations reported in [15], [16], while also approaching or exceeding the limits defined in IEEE-1547 [28] 

and IEC 61727 [30]. 

In contrast, the VSG controller (Figure 8 and Table 3) demonstrated superior transient performance, 

with the overshoot limited to ≤5% and recovery achieved within 0.8 s. The frequency nadir remained close to 

the nominal value of approximately 49.85 Hz, and the power angle δ exhibited well-damped oscillations 

throughout the post-fault interval. This improved behavior arises from the virtual inertia and damping 

embedded in the VSG structure, which moderate the frequency deviation, reduce oscillatory behavior, and 

support faster restoration of voltage and synchronism after fault clearance. These findings are consistent with 

previous studies on VSG-based control strategies [17], [20], [27]. 

 

3.3.  High penetration analysis (125–150%) 

To assess the system robustness under extreme operating conditions, the analysis was extended to 

PV penetration levels of 125%–150%, as summarized in Tables 2 and 3, and illustrated in Figure 9. The SRF 

controller (Table 2 and Figure 9) exhibited noticeable performance degradation at high penetration levels. 

The voltage overshoot reached 16% at 125% penetration, whereas the transient recovery time increased to 

3.1 s at 150% penetration. 
 
 

 
 

Figure 7. SRF control performance at 100% PV penetration during a 0.2-s fault, showing voltage, current, 

active power, frequency response, and power angle δ 
 

 

 
 

Figure 8. VSG controls performance at 100% PV penetration during a 0.2-s fault, showing voltage, current, 

active power, frequency response, and power angle δ 
 

 

In addition, the surge voltage increased to 440.91 V at 125% penetration and remained high at 

431.11 V at 150% penetration, exceeding the acceptable limits defined in IEEE-1547 [28] and IEC 61727 

[30]. The power angle δ approached 1 rad, indicating weakened synchronism and a reduced stability margin 
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under highly stressed operating conditions. In contrast, the VSG controller (Table 3 and Figure 9) maintained 

stable operation across the same high penetration range. The overshoot remained limited to 2%, the recovery 

time was reduced to 0.6 s, and the surge voltage remained within the relatively narrow range of 388.24–

389.47 V. The frequency nadir remained above 49.8 Hz, and the oscillations of the power angle δ were well-

damped, confirming strong synchronism and superior dynamic stability. 

These results demonstrate that the VSG controller provides substantially greater robustness than the 

SRF controller under overgeneration and high-penetration conditions. In particular, the contrast becomes 

more pronounced above 100% penetration, where the SRF controller shows clear degradation in the 

overshoot, surge voltage, and recovery time, whereas the VSG controller preserves a stable and well-damped 

behavior. This extended analysis up to 150% penetration strengthens the practical relevance of the study by 

revealing the operating limits of both strategies under stressed conditions, which are not commonly examined 

in direct comparative studies. 
 

3.4.  Comparison with the state of the Art 

The performance trends across all PV penetration levels are summarized in Tables 2 and 3 and 

illustrated in Figure 9. The SRF controller (Table 2 and Figure 9) consistently achieved low THD values 

below 0.5%, confirming its suitability for applications that prioritize power quality and remain well within 

the limits specified by the IEEE-519 [29]. This observation is consistent with previous studies that reported 

the strong harmonic suppression capability of SRF-based control strategies [12], [13]. However, under higher 

penetration levels, the SRF controller exhibits degraded transient performance, including increased 

overshoot, longer recovery time, and weakened synchronism, primarily because of its reliance on phase-

locked loop synchronization, as discussed in [15], [16]. 

In contrast, the VSG controller (Table 3 and Figure 9) exhibited slightly higher THD values, ranging 

from 1.14% to 1.76%, but still remained within the IEEE-519 compliance [29]. Simultaneously, it provides 

clearly superior transient performance, including lower overshoot, faster recovery, and improved  

frequency stability across all operating conditions. These findings are consistent with earlier studies 

highlighting the advantages of grid-forming control strategies in low-inertia and disturbance-prone  

systems [17]–[20], [27]. 

Compared with most previous studies, this study provides a direct and controlled benchmark 

between the SRF and VSG controls under identical operating conditions using a unified evaluation 

framework. Its main contribution is the systematic comparison of grid-following and grid-forming strategies 

across a wide penetration range, including stressed overgeneration scenarios up to 150%. The results show 

that the relative advantage of each controller depends strongly on the selected performance objective: the 

SRF remains preferable when a low THD is required, whereas the VSG becomes more advantageous when 

transient stability, damping, and fault ride-through are prioritized. 
 
 

 
 

Figure 9. Comparative performance of SRF and VSG controllers at different PV penetration levels  

(30–150%) based on key power quality and stability metrics 
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3.5.  Implications of the results 

The results provide practical guidance for selecting inverter control strategies in modern power 

systems. The SRF controller remains attractive for applications in which harmonic suppression and 

accurate steady-state current regulation are the primary requirements. However, its reduced robustness 

during faults and at high penetration levels indicates that its performance margin becomes narrower as the 

operating conditions become more stressed. In contrast, the VSG controller offers stronger transient 

stability, improved damping, and superior fault ride-through capability, making it a more suitable option 

when dynamic support and post-fault recovery are the dominant design priorities. These results further 

indicate that hybrid or adaptive control approaches, which integrate the superior harmonic performance of 

the SRF with the inertial support capability of the VSG, could represent a promising solution for the 

development of future inverter-dominated power systems. 

 

3.6.  Limitations and future work 

This study is based on MATLAB/Simulink simulations, without experimental validation. The 

battery energy storage system was represented in an idealized manner, and the analysis focused on 

symmetrical fault scenarios. Future work will include experimental or hardware-in-the-loop validation, 

investigation of unbalanced fault conditions, and integration of advanced energy storage modeling and 

hybrid control strategies to further enhance system performance. 

 

 

4. CONCLUSION 

In this study, a high-fidelity MATLAB/Simulink model was developed to evaluate the stability of 

grid-connected PV power systems under varying penetration scenarios. The study integrated a PV array 

model incorporating irradiance and temperature effects, together with MPPT and a coordinated battery 

energy storage system (BESS). Within this unified framework, the performances of SRF and VSG control 

strategies were evaluated under standardized fault scenarios at penetration levels ranging from 30% to 

150%, with the performance assessed relative to the IEEE-1547, IEEE-519, and IEC 61727 requirements. 

The results revealed a fundamental trade-off between the power quality and transient stability of 

inverter-dominated grids. The SRF controller demonstrated superior harmonic suppression, maintaining 

the THD consistently below 0.5%, which makes it well-suited for strong grids where power quality is a 

primary requirement. However, its stability deteriorated significantly at high penetration levels, with the 

voltage overshoot reaching approximately 16% and recovery times exceeding 3 s. In contrast, the VSG 

controller provided enhanced resilience through virtual inertia and damping, limiting the voltage overshoot 

to ≤5% and achieving fault recovery within 0.8 s across all operating conditions. 

The main contribution of this study lies in the direct benchmarking of grid-following and grid-

forming control strategies under identical operating conditions using a unified evaluation framework, with 

the analysis extended to over-generation conditions up to 150% penetration. This study clarifies the 

performance boundaries of SRF and VSG control under common test conditions and standardized 

performance indicators. The findings provide practical guidance for grid operators and system designers, 

showing that SRF control is more suitable when power quality is the primary concern, whereas VSG 

control offers clear advantages in terms of transient stability and fault ride-through under stressed 

operating conditions. 

Despite these contributions, the study remains limited by its simulation-based nature and use of an 

idealized energy-storage representation. Future work will focus on experimental or hardware-in-the-loop 

validation, investigation of unbalanced fault conditions, and development of hybrid control strategies that 

combine the harmonic performance of SRF with the inertial support of VSG. These developments are 

expected to further improve the stability and reliability of next-generation power systems. 
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