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 This paper presents a soft-switched partial-power LLC converter integrated 

within a two-stage photovoltaic (PV) and grid-connected system. 

The proposed architecture combines the advantages of resonant operation 

and partial power processing to enhance conversion efficiency and reduce 

switching losses. Maximum power point tracking (MPPT) is achieved 

through frequency modulation of the LLC converter, while grid 

synchronization is maintained using a three-phase voltage-oriented control 

(VOC) inverter. Simulation results in MATLAB/Simulink demonstrate 

stable zero voltage switching (ZVS) and zero current switching (ZCS) across 

a wide irradiance range (400-1000 W/m²), enabling the system to achieve 

peak efficiencies above 98%, which is superior to typical transformerless 

and interleaved converter topologies reported in recent literature. The 

proposed soft-switched PPC–LLC architecture offers an efficient and 

scalable solution for next-generation PV grid interfaces by combining 

reduced processed power, robust resonant operation, and high-quality grid 

integration. 
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1. INTRODUCTION 

Achieving high-efficiency grid integration in photovoltaic (PV) systems remains a major challenge 

due to conversion losses and limited dynamic control in existing power electronic converters. Grid-connected 

PV systems are usually classified as either single-stage or two-stage based on their processing stages, as 

shown in Figures 1(a) and 1(b), respectively [1], [2]. The single-stage topology uses one inverter for both 

maximum power point tracking (MPPT) and grid integration, seen as the most reliable and cost-effective 

structure [3]. However, operational limitations arise due to the minimum DC-link voltage required for grid-

connected inverter operation and the rated voltage of switches, imposing constraints on MPPT operations [4]. 

Two-stage systems overcome this limitation through an additional DC–DC converter, which improves MPPT 

range but increases conduction and switching losses [5], [6].  

An additional stage in the two-stage configuration contributing to losses, designing this additional 

conversion stage with higher efficiency beyond 98%, and leveraging an enhanced energy output from MPPT, 

minimizes the impact of the power converter on overall efficiency [7]. Recent works on transformerless and 

multilevel inverter systems have improved power quality but have not adequately addressed conversion 

losses in the DC-DC stage. Therefore, there exists a research gap in developing a soft-switched, high-

efficiency DC-DC converter architecture capable of processing only a fraction of the total PV power while 

maintaining effective MPPT and grid integration [8]. To address this, the present work proposes a half-bridge 
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series LLC resonant converter integrated by a partial power processing (PPC) structure in the DC-DC stage. 

The design achieves soft switching zero voltage switching/zero current switching (ZVS/ZCS) and frequency-

controlled MPPT while ensuring efficient grid synchronization through a voltage-oriented control (VOC) 

inverter. However, existing PPC-LLC-based PV converter architectures do not provide an improved solution 

that achieves soft-switching across wide irradiance variations and ensures stable grid integration through an 

inverter control framework. 

Inverter current control is crucial as it should be conditioned according to grid conditions, including 

phase sequence, phase angle, and total harmonic distortion, as per grid standards [9], [10]. In a grid-

connected PV system, the voltage source inverter (VSI) maintains the DC-link voltage at its reference value 

by regulating active and reactive power [11]. Using a synchronous d–q reference frame with Park 

transformation, the VOC method synchronizes the inverter output with the grid [12]. Aligning the grid 

voltage vector along the d-axis allows independent control of active and reactive currents, ensuring unity 

power factor and stable operation [13], [14]. 

The structure of the paper is as follows: i) The motivation and backdrop are presented in Section 1; 

ii) Section 2 explains the design of the partial power processing utilizing a half-bridge LLC resonant 

converter and the MPPT algorithm; iii) Section 3 details the control strategy for the voltage-oriented control 

inverter connected to the grid; iv) Section 4 presents simulation results under varying irradiance conditions, 

verifying soft-switching, MPPT effectiveness, and grid synchronization; and v) Section 5 concludes with key 

findings and performance highlights. 
 

 

(a) 

 

(b) 

 
 

Figure 1. PV inverter configurations: (a) single-stage and (b) two-stage 
 

 

2. PARTIAL POWER CONVERTER AND MPPT ALGORITHM 

In a full power converter (FPC) system, both the DC-DC and DC-AC converter stages handle the 

whole power PV system that delivers electricity to the grid [15]. However, the additional stage introduces 

extra conduction, switching, and magnetic losses, which reduce the efficiency of the converter along with the 

power handling capacity of each converter. Partial-power processing (PPP) operates on the principle that only 

a fraction of the total power is managed by a DC-DC converter, whereas the majority of energy transfers 

directly from the source to the output without undergoing processing [16]. In a series-connected partial-power 

converter (S-PPC), the input source and the DC-DC converter's output are connected in series [17], [18]. 

For the S-PPC converter, an isolated DC-DC converter serves as a fundamental circuit component 

and is customized for its specific operational requirements. Resonant converters based on high-frequency 

transformers deliver enhanced efficiency across a broad spectrum of loads and offer galvanic isolation, which 

makes it highly suitable for the PPC topologies [19]. The output voltage of the resonant converter is regulated 

by adjusting its switching frequency. Soft-switched resonant converters typically offer improved efficiency 

compared to hard-switched DC/DC topologies, and the availability of galvanic isolation enables the half-bridge 

series LLC to be particularly well-suited for S-PPC topologies. ZVS and ZCS techniques reduce the switching 

losses of LLC resonant converters, thereby enhancing DC/DC converter stage efficiency [20]. 

 

 2.1.  Proposed DC/DC converter 

 The proposed structure of two-stage PV systems mainly consists of a half-bridge series LLC 

resonant converter along with PPC topology in the DC/DC stage. The input is connected in series with the 

secondary side of the HB series LLC resonant converter for the development of PPC. The LLC resonant 

converter has a resonant tank consisting of Cr and Lr, the primary resonant capacitor and primary resonant 

inductor, respectively, and Lm, the magnetizing inductor. In an LLC resonant converter, the resonant 

frequency fr of the resonant tank is determined by (1). 
 

𝑓𝑟 =
1

2𝜋√𝐿𝑟𝐶𝑟
 (1) 
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Voltage gain (GLLC) of the LLC resonant tank depends on the quality factor (Qe), ratio of entire 

primary inductance to resonant inductance (m), and ratio of switching frequency to normalized resonant 

frequency (fn).  
 

𝐺𝐿𝐿𝐶 =
𝑓𝑛

2(𝑚−1)

√(𝑚𝑓𝑛
2−1)

2
+𝑓𝑛

2.(𝑓𝑛
2−1)

2
.(𝑚−1)2.𝑄2

 (2) 

 

𝑄𝑒 =
√

𝐿𝑟
𝐶𝑟

⁄

𝑅𝑒
 (3) 

 

𝑚 =  
𝐿𝑚+𝐿𝑟

𝐿𝑟
 (4) 

 

𝑓𝑛 =
𝑓𝑠

𝑓𝑟
 (5) 

 

Kirchhoff's laws are applied to the S-PPC configuration, as shown in Figure 2, to determine the 

voltage gain of the proposed converter. The portion of active power handled by the DC-DC converter 

compared with the source input power to the DC-DC stage is known as the partial power ratio (Kpr) as (6). 
 

𝐾𝑝𝑟 =
𝑉𝑝𝑣𝐼𝑐𝑜𝑛𝑣

𝑉𝑝𝑣𝐼𝑖𝑛
 (6) 

 

Where Vpv: PV array output voltage, Iconv: converter output current, Iin: PV array output current, and n = 

transformer ratio.  The HB-LLC series resonant converter voltage gain Gconv can be expressed as (7). 
 

𝐺𝐶𝑜𝑛𝑣 =  
𝐺𝐿𝐿𝐶

2𝑛
 (7) 

 

The proposed converter voltage gain can be written as (8). 
 

𝑉𝑑𝑐−𝑉𝑝𝑣

𝑉𝑝𝑣
=

𝐺𝐿𝐿𝐶

2𝑛
 (8) 

 

The voltage gain of the total DC-DC converter stage, the global gain, Gv can be expressed as (9). 
 

𝐺𝑣 = 1 +
𝐺𝐿𝐿𝐶

2𝑛
 (9) 

 

The behaviour of the voltage gain function for changing values of Qe is shown in Figure 3. The LLC 

resonant converter operates within a specific frequency range that is primarily determined by the resonant 

frequency (f0) and the peak gain frequency (fp). The converter typically operates around its resonant 

frequency to minimize switching losses and achieve zero voltage switching (ZVS) over a wide range of loads 

and input conditions. The peak gain occurs between fp and f0, and this frequency range can vary based on 

load conditions (Qe) and the ratio between the magnetizing inductance (Lm) and the primary leakage 

inductance Lr. Since Kpr is directly proportional to the voltage gain, operation close to 𝐺𝑣=1 helps to keep 

Kpr values low to improve overall efficiency and reduce the power-handling requirement of the PPC stage. 

Lower Kpr values allow the dc–dc stage to be designed with reduced converter size, while also ensuring 

minimal resonant-tank current, device stress, and thermal loading. 

 

 

 
 

Figure 2. Proposed partial power converter 
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Figure 3. Behavior of the voltage gain function 

 

 

2.2.  MPPT algorithm 

Depending on the switching frequency, the LLC resonant tank runs in either boost or buck mode. If 

the converter switching frequency is higher than the resonant frequency, the converter functions in buck 

mode [21]. Conversely, when the switching frequency is lower than the resonant frequency, the converter 

functions in boost mode. MPPT tracking is accomplished by adjusting the switching frequency to achieve the 

maximum power from the DC-DC stage. By adjusting the switching frequency, the MPPT controller raises or 

lowers the converter gain in response to variations in solar irradiation in order to achieve the new maximum 

power point. Integration of frequency-modulated MPPT control within the PPC–LLC converter enables 

simultaneous soft-switching and partial power processing, creating a unique system configuration. 

The flowchart of the perturb and observe (P&O) method, illustrated in Figure 4, begins by 

measuring the PV voltage, Vpv(n), and the PV current, Ipv(n), in the nth cycle to determine the PV power, 

Ppv(n). Subsequently, Ppv(n) and Vpv(n) are compared with the PV power, Ppv(n-1), and the PV voltage, 

Vpv(n-1), from the previous cycle. Therefore, the frequency perturbation Δfs is adjusted to either increase or 

decrease. Applying a small perturbation improves tracking accuracy but reduces tracking speed. On the other 

hand, using a large perturbation enhances tracking speed but decreases tracking accuracy. Therefore, optimal 

perturbation is applied based on the total PV power. 

 

 

 
 

Figure 4. Proposed MPPT algorithm  
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3. THREE-PHASE INVERTER CONTROL STRATEGY 

The second stage of the proposed two-stage PV system uses a self-commutated inverter VSI in the 

proposed design for power conversion and optimizing control. It is managed using the VOC method, which 

models the VSI as a controlled AC voltage source. This control system utilizes a double-loop control mode, 

featuring an inner current loop for regulating both active current (Id) and reactive current (Iq) and an outer 

voltage loop. The control strategy, implemented in the dq synchronous reference frame, simplifies control by 

converting grid measurements into direct current (DC) values. To synchronize injected currents with grid 

voltages and enable the abc-dq transformation, a phase-locked loop (PLL) extracts the crucial phase angle of 

the grid voltage. 

This double-loop control system with proportional-integral (PI) controllers regulates both grid 

current and DC-link voltage (Vdc) [22]. The outer voltage loop stabilizes Vdc, and its output becomes the 

reference value for active current (Id). To further simplify control of active and reactive currents (Id and Iq), 

a feed-forward decoupling strategy is implemented. Notably, setting the reactive current reference (Iq) to 

zero ensures the grid inverter operates at unity power factor (PF). 

 

3.1.  Modelling of the three-phase VSI 

Considering access to the power grid through an RL filter (R + jωL) as shown in Figure 5, the 

following equations describe the grid inverter voltages as (10). 

 

𝑉𝑖𝑎 = 𝐿
𝑑𝑖𝑎

𝑑𝑡
+ 𝑅𝑖𝑎 + 𝑉𝑔𝑎  

𝑉𝑖𝑏 = 𝐿
𝑑𝑖𝑏

𝑑𝑡
+ 𝑅𝑖𝑏 + 𝑉𝑔𝑏  

𝑉𝑖𝑐 = 𝐿
𝑑𝑖𝑐

𝑑𝑡
+ 𝑅𝑖𝑐 + 𝑉𝑔𝑐 (10) 

 

Where “Vga, Vgb, Vgc”, “ia, ib, ic,” and “Via, Vib, Vic” are grid voltage, inverter current, and inverter voltage, 

respectively. By applying the d-q transformation, the mathematical model of the grid inverter in the d-q 

synchronous reference frame can be obtained as (11). 
 

𝑉𝑖𝑑 = 𝐿
𝑑𝑖𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 − 𝜔𝐿𝑖𝑞 + 𝑉𝑔𝑑  

𝑉𝑖𝑞 = 𝐿
𝑑𝑖𝑞

𝑑𝑡
+ 𝑅𝑖𝑞 + 𝜔𝐿𝑖𝑑 + 𝑉𝑔𝑞  (11) 

 

For power calculations, the grid-side active and reactive power equations expressed in space vector form are 

given by (12). 
 

𝑃 =
3

2
(𝑉𝑑𝐼𝑑 + 𝑉𝑞𝐼𝑞)  

𝑄 =
3

2
(𝑉𝑞𝐼𝑑 − 𝑉𝑑𝐼𝑞) (12) 

 

The direct components of the grid voltage and current are represented by Vd and Id, respectively, while Vq 

and Iq denote the quadrature components of the grid voltage and current. As the system has to operate at unity 

power factor in normal conditions, power losses can be neglected. Then, Vq is zero for a balanced system. 

Thus, the equations become (13). 
 

𝑃 =
3

2
(𝑉𝑑𝐼𝑑)  

𝑄 = −
3

2
(𝑉𝑑𝐼𝑞) (13) 

 

3.2.  Grid inverter control strategy 

Maintaining a constant DC-link voltage ensures optimal power transfer from the DC side to the AC 

side, confirming efficient operation [23]. This approach is widely used in PV systems with a continuous 

power supply from PV arrays, guaranteeing maximum power delivery to the load. In grid-tied applications, 

the DC-link voltage must be higher than the peak grid voltage to facilitate proper power injection [24]. 

According to the instantaneous power theory, a lossless power converter must balance input and output 

power, ensuring efficient energy conversion. 

 

Input DC power = Output AC power 

 

𝑉𝑑𝑐𝐶𝑑𝑐
𝑑𝑉𝑑𝑐

𝑑𝑡
=

3

2
(𝐼𝑑𝑉𝑑 + 𝐼𝑞𝑉𝑞) (14) 
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By aligning the dq reference frame’s rotational speed with the grid frequency, the transformed 

variables remain steady in a stable state, streamlining controller implementation. This synchronization is 

accomplished through a PLL, which takes an alternating grid voltage as input and produces the phase angle 

necessary for abc-to-dq conversion. Assuming that the PLL accurately tracks the output voltage vector, 

aligning the d-axis of the synchronous dq reference frame such that Vq=0, the transfer functions can be 

derived [25]. These transfer functions represent the relationship between the DC-link voltage output, reactive 

power, and the d-axis current. They can be expressed as (15): 

 
𝑉𝑑𝑐(𝑠)

𝐼𝑑(𝑠)
=

3

2

𝑉𝑑(𝑠)

𝑠𝑉𝑑𝑐𝐶𝑑𝑐
 (15) 

 

There exists an interaction between the d-axis and q-axis components, which can impact the controller’s 

dynamic response. To enhance performance, it is crucial to eliminate this cross-coupling effect. 

A feedforward compensation-based decoupling strategy can be implemented to achieve independent control 

of both axes.  

The cross-coupling can be decoupled by (4). Hence, the d-axis currents id and q-axis currents iq can 

be controlled independently by reference current id* and iq*, respectively. As a result, PI controllers are 

employed to ensure a rapid dynamic response while maintaining zero steady-state error. As a result, PI 

controllers are implemented to provide a fast dynamic response and eliminate steady-state errors. The 

transfer function of the grid-connected VSI can be expressed as (16). 

 

𝐺𝑝(𝑆) =
1

(𝑇𝑠𝑠+1)(𝐿𝑠+𝑅
 (16) 

 

For precise and rapid tracking of the current signal, the current loop must exhibit strong performance. For  

R = 0.1 Ω, L = 3 mH, Ts = 0.167 ms, and design is based on the system type 1 for a damping ratio of 0.707 to 

ensure optimal stability and response, the transfer function of the PI controller is given by (17). 

 

𝐺𝑝𝑖(𝑧) =
9𝑧−8.95

𝑧−1
 (17) 

 

 

 
 

Figure 5. PV inverter control algorithm 

 

 

4. SIMULATION RESULTS AND DISCUSSION 

The proposed PV grid-connected system was simulated in MATLAB/Simulink to verify the 

performance of the converter architecture, with special focus on the DC-DC stage. The DC-DC converter 

employs a half-bridge series LLC resonant topology integrated with PPC, designed to operate under soft-

switching conditions. The schematic diagram of the model used for the simulation study is shown in Figure 

6. This stage plays a crucial role in both efficient energy conversion and successful MPPT implementation, 

making it central to the overall system performance. The P&O method is implemented in real-time to adjust 

the operating frequency such that the PV panel consistently operates at or near its maximum power point, 

despite variations in irradiance. 

A two-stage PV inverter with a three-phase VSI grid-connected inverter in the DC-AC stage, and a 

half-bridge series LLC resonant converter with PPC topology in the first stage is modelled in this section. 

A simulation study is conducted in the model based on the theoretical basis of analysis done in the previous 
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chapters. In order to accomplish the proposed two-stage grid-connected inverter with a power capacity of  

100 kW, the PV system array consists of 18 parallel strings and 18 PV modules connected in series. The 

main parameters of the selected PV panel are shown in Table 1. Waaree Energies WSM-315 model PV 

module was selected from MATLAB/Simulink to realize the 100 kW PV array system for the simulation 

environment. 

 

 

 
 

Figure 6. Schematic-diagram of grid connected voltage source inverter 

 

 

Table 1. PV module main parameters 
Parameters of the PV module Value 

Nominal maximum power (Pmax) 315 W 

Optimum operating voltage (Vmp) 35 V 
Optimum operating current (Imp) 9 A 

Open circuit voltage (Voe) 43 V 

Short circuit current (lsc) 9.77 A 
No of cell 72 Nos 

 

 

A 100 kW half-bridge LLC resonant converter is implemented as part of a series partial power 

converter (SPPC) topology, with a transformer of a 1:1 turns ratio and operating over a switching frequency 

range of 72 kHz to 120 kHz. The resonant frequency is set at 120 kHz to enable soft switching, ensuring ZVS 

for the primary switches and ZCS for the secondary rectifier. The resonant tank consists of a resonant 

capacitor 𝐶𝑟 of 380 nF, a resonant inductor 𝐿𝑟 of approximately 4.63 µH, and a magnetizing inductance 𝐿𝑚 

of 23.15 µH, maintaining an 𝐿𝑚/𝐿𝑟 ratio of 5. The converter operates with a variable switching frequency to 

implement MPPT, while the output DC bus voltage is regulated at 600 V through the voltage control loop of 

the grid-tied inverter. The grid-tied inverter design parameters listed in Table 2 are applied to the DC/AC 

stage of the simulation. The MATLAB blocks used in simulation studies of the above topology and control 

are shown in Figure 7. 

The simulation was conducted under different irradiance conditions: 400, 600, 800, and 1000 W/m². 

In all cases, the LLC converter was able to dynamically adjust its frequency to ensure optimal power 

extraction. The MPPT also shows fast convergence, settling to the new operating point within approximately 

8–12 ms during irradiance changes. The converter maintains a stable output at 600 V DC, which is fed into 

the DC-link capacitor and subsequently into the three-phase inverter. The applied irradiance, along with the 

output active and reactive power fed to the grid, is shown in Figure 8. The effective operation of the voltage 

controller, which helps to maintain the DC bus voltage at 600 V and thus ensures the maximum power 

available in the PV array, is also visible in Figure 7. A key advantage of the LLC topology in this system is 

its ability to operate under soft switching across a wide input power range. The resonant inductor current (Ir) 

and magnetizing current (Im) waveforms were shown in Figure 9 at each irradiance level. The results 

confirm that ZVS for the primary switches and ZCS for the secondary-side rectifiers were consistently 

achieved. Soft switching was maintained even under low irradiance (400 W/m²), demonstrating the 

robustness of the design. The system was tested for temperature variations (25–60 °C) and ±20% load 

changes, maintaining ZVS/ZCS operation and DC-link voltage stability within ±2% of the reference. 
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Table 2. Parameters of the grid-connected three-phase inverter 
Parameter Value 

Grid line voltage 400 V 
Grid frequency 50 Hz 

DC-link-voltage 600 V 

DC bus capacitance  0.22F 
Filter inductor 0.1 mH 

Filter resistance 0.2 mΩ 

Switching frequency 2 kHz 
PI parameter of the current loop Kp = 0.3, Ki = 20 

PI parameter of the voltage loop Kp = 2, Ki = 400 

 
 

 
 

Figure 7. PV grid-connected system with partial-power LLC converter simulated using MATLAB Simulink 

 

 

 
 

Figure 8. Simulation response of power and DC bus voltage for varying irradiance 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 17, No. 2, June 2026: 1130-1141 

1138 

At 1000 W/m², the converter achieved a peak efficiency of 98.32%. Notably, even at reduced 

irradiance levels of 800, 600, and 400 W/m², the efficiencies remained high: 98.29%, 98.34%, and 97.86%, 

respectively. The DC–DC stage using the half-bridge LLC resonant converter with PPC achieved a higher 

efficiency of 98.1–99.3%, while the DC–AC stage employing the three-phase VSI maintained an efficiency 

range of 98.0–98.9%. In the case of 1000 W/m² and 25 °C, the PV array supplies about 101 kW DC, from 

which the inverter delivers 99.3 kW AC to the grid. Only 24.6 kW is processed by the PPC–LLC stage 

(25.9% of total power), yet the converter maintains soft switching and achieves up to 99.3% efficiency, due 

to lower switching losses. The PPC architecture contributes significantly to this result by ensuring that only a 

portion of the total power flows through the high-frequency switching stage, thereby reducing conduction 

losses and improving system-level efficiency. The three-phase voltage source inverter (VSI) forms the 

second stage of the system and is used for grid integration. It operates under a VOC scheme that ensures 

synchronization with the grid and maintains a unity power factor. 
 

 

 

 

Figure 9. Key operation waveform of the LLC at different irradiance levels 
 

 

 Simulated waveforms at the point of common coupling (PCC) show well-shaped sinusoidal 

voltages and currents, with minimal distortion, as shown in Figure 10. The grid receives active power 

efficiently, with reactive power near zero under all irradiance levels. Power waveforms further validate that 

the system responds effectively to changes in irradiance. The MPPT loop quickly adapts to variations, 

ensuring minimal mismatch between PV generation and grid power output. The combined performance of 

the LLC-PPC converter and the inverter demonstrates that the proposed topology can maintain high 

efficiency, reliable grid interface, and excellent power quality. Figure 11 presents the harmonic spectrum of 

the inverter output current, showing a THD of 2.45%, which is not only well within the IEEE 1547 grid 

interconnection limit. 
 

 

 
 

Figure 10. Injected grid voltages and currents under varying irradiance 

1000 W m 
2 800 W m 

2
600 W m 

2 400 W m 
2
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Figure 11. Harmonic analysis of inverter output current using FFT 

 

 

The proposed system has been designed with a practically implementable switching frequency 

range, and the control algorithm is suitable for real-time execution on digital control platforms such as DSP 

or FPGA. Table 3 [24]-[26] compares the proposed PPC–LLC converter with advanced MPPT and inverter 

control methods, showing its clear advantages in efficiency and overall performance. The proposed PPC–

LLC converter achieved a peak efficiency of 98.32% at 1000 W/m², which is higher than values reported for 

transformerless PV inverters (97–98%) [24]) and comparable to high-frequency GaN-based resonant 

converters (98–99% [27]) while using only silicon devices. Interleaved DC–DC converter–based systems 

typically report 97–98% efficiency [28], indicating that the PPC–LLC architecture provides a measurable 

improvement of 1–1.3% over conventional silicon-based topologies. The PPC–LLC architecture is scalable 

to MW-level PV systems through integration of converter units and parallel operation of inverter stages, 

enabling high efficiency and soft-switching performance at higher power levels. 

 

 

Table 3. Comparative evaluation of PPC–LLC converter 
Model MPPT response 

time 
Efficiency 

(%) 
THD (%) Control 

complexity 
System cost 

VOC + ANN MPPT [24] 5–12 ms 97–98% 2–3% High Medium–High 

Predictive control (MPC) + Inc-Cond [25] 10–20 ms 94–96% 1.5–3% Very high High 
Predictive control + Fuzzy MPPT [26] 10–15 ms 95–97% 1–2.5% Very high High 

Proposed method PPC–LLC + VOC 8–12 ms 98.3% 2- 3% Medium Low–Medium 

 

 

5. CONCLUSION 

A high-efficiency two-stage PV grid-connected system is presented, integrating a Half-Bridge Series 

LLC resonant converter with PPC to enable soft switching and frequency-based MPPT, while a VOC-

controlled voltage source inverter ensures stable grid integration. The converter consistently achieves 

ZVS/ZCS across a wide irradiance range, reducing switching losses and improving overall efficiency, and the 

combined MPPT–VOC framework maintains rapid power tracking, DC-link stability, and unity power factor 

during grid operation. The novelty of this work lies in unifying partial power processing, resonant soft 

switching, and a fully modeled grid-integration strategy within a single system-level architecture. However, 

the study is limited to simulation, and hardware validation, as well as detailed thermal and stress analysis, 

remain for future investigation. Future research will focus on experimental implementation, adaptive MPPT 

strategies, and expanded grid-support functions such as LVRT capability. Overall, the PPC–LLC architecture 

demonstrates strong potential as a scalable and high-efficiency solution for next-generation PV grid 

interfaces. 
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