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 The enhancement of power quality in grid-connected photovoltaic (PV) 

systems requires the development of effective harmonic mitigation 

techniques. This paper addresses the design and evaluation of specific 

passive filters (RC, LC, and LCL filters) for a three-phase grid-tied PV 

system, aiming to mitigate harmonics in the power system. The paper also 

systematically calculates and optimally solves for the components required 

for the given system. The design of the parameters for all filter topologies 

within the 100-kW grid-connected PV array is thoroughly elaborated. Each 

topology is evaluated based on the total harmonic distortion (THD) content, 

which is obtained using fast fourier transform (FFT), as well as DC voltage 

and system efficiency. The results are presented to identify the best solutions 

for harmonic mitigation. The modified filter model demonstrated in this 

study effectively limits harmonic distortion at the output. It is shown that the 

proposed design addresses the issue of harmonic distortion in grid-connected 

inverters for PV systems. The goal of this paper is to identify the most 

reliable filter for extending the system’s lifespan. The results suggest that the 

LCL filter is superior, as the system’s DC voltage remained within the rated 

value and the system efficiency was higher compared to the RC filter. The 

performance and functionality of these filters were tested using 

MATLAB/Simulink. 
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1. INTRODUCTION 

The use of renewable energy technologies is on the rise globally and is now regarded as a 

fundamental component of contemporary energy systems. Their greater adoption, whether in the form of 

standalone devices or hybrid systems integrated with an electric grid, is attributed in part to their net-positive 

environmental impact and inexpensive maintenance. Voltage source inverters (VSIs) are an important 

component of these power systems, sitting between the renewable source of energy and the electrical grid [1]. 

This connection is achieved via a passive filter and a step-up transformer, as shown in Figure 1. 

The performance of solar PV power systems is much better when integrated within the electrical 

grid; however, certain issues like voltage unbalance, voltage sags and swells, low power factors, as well as 

current and voltage harmonics persist. One of the most serious issues of solar integrated grid systems is the 

https://creativecommons.org/licenses/by-sa/4.0/
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power quality of the VSI and the grid, since the output of the VSI inverter does have some harmonic 

distortion. In order to accomplish harmonic reduction of the VSI output voltage, in this case, an LCL filter 

with damping resistance was incorporated. The damping resistor eliminates the resonating problem. 

Nonlinear loads within the modeled system also inject harmonics into the system [2]-[4]. Table 1 summarizes 

previous studies on passive filters for grid-connected systems and provides a comparative overview of their 

main characteristics. 

 

 

 
 

Figure 1. Block diagram of a grid connected three phase photovoltaic (PV) system 

 

 

Table 1. Summary of previous studies on passive filters for grid-connected applications 
Ref. Methodology Used system Main outcomes Limitations 

[5] Comparative analytical and 

simulation-based study of L, 
LC, and LCL filters 

Grid-connected 

converter 
(generalized 

system, IEEE 

conference setup) 

Demonstrated that LCL filters 

provide superior harmonic 
attenuation compared to L and LC 

filters 

No experimental validation; 

resonance and damping 
issues not deeply addressed 

[6] Comprehensive review and 

analytical analysis of 

harmonic resonance 
phenomena 

Multi-parallel 

grid-connected 

inverters 

Identified harmonic resonance 

causes and mitigation techniques in 

parallel inverter systems 

Review-based only; no 

specific filter design or 

optimization framework 

[7] Design and simulation-based 

implementation of LC and 
LCL passive filters 

PV-based 

renewable energy 
system 

LCL filter achieved lower THD and 

better harmonic suppression than 
LC filter 

Increased system 

complexity; resonance 
damping not optimally 

addressed 

[8] Comparative simulation 
analysis with passive 

damping techniques 

5-level VSC with 
series and parallel 

damped LCL 

filters 

Parallel-damped LCL filter showed 
better stability and harmonic 

performance 

Increased losses due to 
damping resistors; higher 

implementation cost 

[9] Systematic review of 

harmonic distortion sources 
and mitigation methods 

Power systems 

with renewable 
energy integration 

Highlighted impact of power 

electronics on harmonic distortion 
and importance of filtering 

No quantitative comparison 

or system-level 
implementation 

[10] Analytical design supported 

by simulation results 

Three-phase grid-

tied PV system 

Properly designed passive filters 

significantly improved power 
quality 

Passive filters are bulky and 

less adaptive to varying grid 
conditions 

[11] Simulation-based design of 

passively damped LCL filter 

Grid-connected 

PV system 

Passive damping enhanced stability 

and reduced resonance effects 

Reduced efficiency due to 

damping losses; lack of 
experimental results 

[12] Analytical modeling and 

simulation-based 
performance assessment 

Three-phase grid-

connected VSC 
with LCL filter 

Active damping using current 

feedback improved system stability 
without additional losses 

Increased control 

complexity and dependency 
on accurate sensing 

Proposed 

study 

MATLAB/Simulink-based 

comparative analysis of RC, 

LC, and LCL passive filters 

using FFT-based THD 

evaluation, DC-link voltage, 
and system efficiency 

100-kW three-

phase grid-

connected PV 

system with 

inverter output 
filtering 

The results show that the installation 

of passive filters is essential for 

harmonic mitigation. The LCL filter 

reduced THD to 5.66%, meeting the 

IEEE 519-2022 standard. It 
maintained the DC-link voltage 

close to its rated value and achieved 

a high efficiency of 98.2%. While 
RC and LC filters also reduced 

THD, the RC filter exhibited low 

efficiency, and the LC filter showed 
higher DC voltage deviation 

compared to the LCL filter. 

The analysis is based solely 

on simulation results and 

does not include 

experimental validation 

 

 

Pawar  [13] outlines the modeling and simulation of the 80 kW Solar PV system connected to the 

grid at Shivaji University, Kolhapur, with the help of several harmonic reduction techniques employing 

MATLAB Simulink. The overall modeling of the Solar PV system consists of design of PV array, MPP 

tracking, PLL modeling, inverter control model, and LC filter, which is provided in a block schematic 

diagram.  



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Comparative analysis for different passive filter topologies in grid-tied…  (Shorouk Elsayed Ibrahim Mehrez) 

3 

The appropriate selection of a reduction technique achieves a reduction of total harmonic distortion 

(THD) for the power system. Pawar [13], they focus on attempting to reduce harmonic distortion from the 

system by passive filter techniques, especially series passive filters and combinations of shunt filters. 

Reducing current harmonics is most effectively achieved through the application of shunt and series passive 

filters combined with series capacitive reactance, as shown in this study. This statement has been proven by 

the second approach of this research. That is, passive shunt filters enable the reconstruction of the current 

spectrum induced by higher-order components of signals; thus, the current that flows into the parallel-

connected filters does not contain significant harmonics and aids in improving the current quality for the 

consumer [14]. 

The remainder of the text is organized within the following framework: In section 2, there was a 

design of a passive filter for grid-tied PV applications, which is followed by section 3, which demonstrates 

the modelling and system description. Finally, the results and discussion of the simulation are presented in 

Section 4, followed by a conclusion in Section 5. 

 

 

2. DESIGN OF PASSIVE FILTER FOR GRID-TIED PV-APPLICATIONS 

The lowest cost solution to reduce harmonics is through passive filters which are the first choice 

when designing low and medium powered PV systems. However, as pointed out in the introductory section, 

these filters have shortcomings and still, they are widely used [10]. The RC filter is included in this study as a 

baseline topology due to its structural simplicity and conventional use in basic harmonic mitigation. It serves 

as a reference for performance comparison with more advanced LC and LCL configurations rather than as a 

preferred solution for high-power grid-connected application. 

 

2.1.  Design of RC passive filter 

RC passive filters play a crucial role in the enhancement of power quality in three-phase grid-

connected PV systems by filtering high-frequency harmonics. The design process of these filters requires 

careful attention to cutoff frequency, resistance, capacitance, damping coefficients, and component ratings. 

Appropriately designed RC filters allow for compliance with grid codes, system stability, and effective 

operation of PV systems. The purpose of using RC passive filters includes: 

− Limit high-frequency harmonics that come from inverter switching. 

− Boost the quality of power and maintain compliance to grid standards, i.e., IEEE 519. 

− Safeguard sensitive PV system and grid components. 

Design process for RC passive filters: 

− Step 1: Specify system requirements. 

Determine grid voltage, frequency, and harmonic standards to comply with (for instance, IEEE 519). 

Establish the inverter’s switching frequency and its harmonic spectrum. 

− Step 2: Specify cutoff frequency (ƒc). 

Select a cutoff frequency that is lower than the inverter’s switching frequency but much higher than 

the grid frequency to prevent distortion. 

− Step 3: Determine component values. 

Compute the relevant capacitance given the specific cutoff frequency and a selected resistance 

value: 

 

𝐶 = 1
2𝜋 𝑓𝑐 𝑅⁄  (1) 

 

− Step 4: Evaluate damping and system stability. 

Commonly, in grid tied PV systems, the value of ξ is picked between (0.7 and 1) as a good choice 

for performance 

− Step 5: Choose particular components of suitable rating. 

Make sure the resistors and capacitors can manage the voltage, current, and thermal stresses 

generated by the system. 

 

2.2.  Design of LC passive filter 

In a grid connected PV system, passive LC filter can be implemented to lower THD and enhance 

power quality improvement. This type of filtering rests on the elimination method concerning with harmonic 

of the network with the L-C passive elements adjustment [15]. The LC filter is simple in structure, 

inexpensive prices, and highly efficient as well as meets the fundamental of frequency reactance [16], [17]. 

The connection diagram of the LC filter is shown in Figure 2. 
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Figure 2. The connection diagram of the LC filter 
 

 

To mitigate resonance issues in the LC filter, the LC filter’s resonance frequency must be above ten 

times the fundamental frequency, but below half the switching frequency, in order to prevent resonance 

problems. Hence, the resonance frequency will be determined according to the limits formulated by (2): 
 

10f0 ≤  fres  ≤  
fsw

2
 (2) 

 

AS f0 refers to the utility frequency, while fsw is the switching frequency, and fres is the corresponding 

resonant frequency. The resonant frequency of an LC filter situated at the jumping frequency is given by: 
 

f res= 
1

2𝜋
√

1

L C
 (3) 

 

Consequently, choosing a larger capacitance value gives better attenuation of higher-order harmonic 

elements. But as (C) increases, the current flowing through (L) increases, thus decreasing the filter efficiency. 

On the contrary, a smaller (C) value requires a bigger (L), which increases the power filter size. The reactive 

power of the capacitor can be expressed as follows: 
 

Qc= 
Vrated

2

1

ω C

= (2π f)C Vrated
2  ≤ αP (4) 

 

As (Qc) is the reactive power taken by the capacitor with the rated voltage of the system (Vrated).  

The reactive power absorption rate (α) is normally set less than 5%. The capacitance value (C) depends on 

the specific amount of reactive power which is taken by the filter. The capacitor value should be determined 

by means of the equation presented in (5). 
 

C = 
α Prated

(2π f) Vrated
2  (5) 

 

Found as. At the fundamental frequency, the excess flow currents are restrained by a capacitor of 

high value. The L inductor value is obtained by ripple current calculation. The value of L is chosen according 

to (6). 
 

L =  
Vdc−Vrated

 fsw ∆I 
 (6) 

 

The input voltage to the inverter is characterized by the DC voltage (Vdc). The ripple current is 

selected from 5 to 10 percent of the rated current, and the switching frequency (fsw) is important for system 

performance. The inverter is filtered by means of passive LC filters, which eliminate the harmonic 

frequencies above the fundamental one. The proposed system is implemented and tested using the 

MATLAB/Simulink program [18], [19]. 

 

2.3.  Design of LCL passive filter 

Currently, many designers are giving more attention to high-order LCL filters due to their low cost 

and efficient results in grid-tied PV applications. Figure 3 shows the topology of a passive LCL filter with 

VSI integration [20]. The specifications of an LCL-filter are functionally reliant on the system’s line 

frequency, rating of power consumption, and switching frequency [21], [22]. To prevent any resonance 

problems within the system, the value of the resonant frequency must not be lower than 10 times the basic 

frequency while staying under half the switching frequency [11], [6]. The line frequency, resonance 

frequency, and inverter switching frequency are expressed in radian per second as follows: ω0, ω res, and 

ωsw, respectively. Resonance frequency can be defined in the following way, according to (7): 
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ω res=√
L1+L2

L1 L2 𝐶𝑓
 (7) 

 

The use of a larger capacitor will enhance the attenuation of higher-order harmonics, but it will also 

draw more current from the inverter-side inductor (L1). This increases reactive power demands and 

subsequently decreases filter efficiency. On the other hand, decreasing the capacitance value (Cf) will require 

an increase in the inductance value of (L1) to satisfy the high frequency components. Thus, the selection of 

the Cf is become a balancing act between the reactive power that the filter will consume and the required 

value of the inverter-side inductor (L1). In (8) depicts the law determining the value of Cf for an LCL filter in 

the references [23], [24]. 

 

Cf = 
Q

2π f0 Vrated
2  (8) 

 

The line output frequency is denoted by f0, whereas Q denotes the filter’s reactive power absorption 

and V is the rated voltage of the system. The current ripple ΔI also affects the operational value of the 

inverter side inductor L1 [25]. When ripple currents increase, losses associated with switching become lower 

and the requirement for the inductance value of filter L1 will be increased. Thus, the choice of an optimal L1 

must take into consideration the switching losses and the size of the inductor. The inductance of filter L1 can 

be calculated according to (9). 

 

L1 = 
Vinv

8 ∆I fsw 
 (9) 

 

The input passive filter voltage is termed as (Vinv), ripple current (∆I) is set to approximately 5% of 

the rated current. The inductor on the grid side correlates to the equation (L1 = α L2) where (α) is the ratio 

factor of inductance.  For low to medium power applications, this is often true with α > 1. This indicates that 

L2 < L1 which helps in minimizing the risk of overrating the switches leading to improve the system’s 

overall efficiency. After considering L2, if it does not meet the required resonance frequency so the quantity 

of reactive power that was being absorbed needs to be adjusted along with Cf [26]-[28]. 

 

 

 
 

Figure 3. The topology of the passive LCL filter incorporated with VSI 

 

 

2.4.  Selection criteria of passive filter components 

The equations provided above describe the mathematical design of RC, LC, and LCL filters. 

However, the final component values were selected based on practical engineering criteria to ensure stability, 

low THD, and acceptable reactive power levels. 

− Capacitance (C, Cf): the capacitor was selected such that the reactive power drawn does not exceed 5% of 

the rated power, in accordance with common grid-code limits. This ensures that the filter does not 

overload the inverter or distort the grid voltage. 

− Inductors: the inverter-side inductor was determined based on limiting the current ripple to 5–10% of the 

rated current, which guarantees low switching stress and acceptable filtering. The grid-side inductor was 

chosen using the ratio α=L1/L2, typically greater than 1, to ensure stability and avoid excessive voltage 

drop. 

− Resonance frequency: all filters were designed so that the resonant frequency satisfies 10f0< fres < 

0.5fsw preventing unwanted resonance with the grid or the switching frequency. 

− Damping: for RC filter, damping resistance values were chosen to avoid resonance peaks and guarantee 

smooth transient response.   

This ensures that the selected values satisfy both theoretical design constraints and practical operation limits. 
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3. MODELLING AND SYSTEM DESCRIPTION 

In this model, the 100 kW PV plant has been modeled in detail along with its connection to the  

25 kV grid via a boost DC-DC converter and a three-phase three-level voltage sourced converter (VSC).  

The system uses a three-phase three-level VSC at the grid-side and a boost DC-DC converter for power 

optimization. The MPPT is done using the ‘Incremental Conductance + Integral Regulator’ method in 

Simulink. The detailed model contains the following components as shown in Table 2. 
 

 

Table 2. Simulation parameters of the 100-kW grid-connected PV system 
Parameter Value/Type 

PV plant rated power 100 kW 
PV module model SunPower SPR-305E-WHT-D 

Rated power per module 305.2 W 
Total number of PV modules 330 

PV array configuration 66 parallel strings × 5 modules in series 
Total PV array rated power 100.7 kW 

Standard test conditions (STC) 1,000 W/m², 25 °C 

Number of cells per module 96 

Open-circuit voltage (Voc) 64.2 V 
Short-circuit current (Isc) 5.96 A 

Voltage at maximum power (Vmp) 54.7 V 

Current at maximum power (Imp) 5.58 A 
Natural PV output voltage 273 V 

DC–DC converter type Boost converter 
DC–DC converter switching frequency 5 kHz 

MPPT technique Incremental Conductance + Integral Regulator 

Boosted DC-link voltage 500 V 
Grid-side converter Three-phase three-level VSC 

VSC switching frequency 1,980 Hz 

DC-link voltage regulation ±250 V 
VSC AC output voltage 260 V 

Power factor Unity 

Coupling transformer rating 100 kVA 
Transformer voltage rating 260 V / 25 kV 

Utility grid 25-kV distribution feeder with equivalent 120-kV transmission system 

Simulation environment MATLAB/Simulink 

 

 

4. RESULTS AND DISCUSSION 

Different categories of passive filters were applied to mitigate the harmonics and determine the PV 

system's effect on distribution system efficiency and dc voltage level. The 100-kW array grid-connected 

system with a 25-kV grid was constructed with a boost DC-DC converter and a three-phase three-level 

integrated VSC, as shown in Figure 4. 
 

 

 
 

Figure 4. 100-kW grid-connected PV array (detailed model) 
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According to these specifications, RC, LC, and LCL passive filters are constructed with respect to 

parameter evaluation and their verification of results for the system done in MATLAB Simulink. The three-

phase 100 KW grid tied system served as the testing system. All parameters of the topologies under 

consideration are presented in Table 3. Results for the system simulation with the filter and simulations of the 

system without filter are provided in Table 4. 

 

 

Table 3. Design characteristics of different types of passive filters 
 RC passive filter LC passive filter LCL passive filter 

R(ohm) 1 --- --- 

L1(H) --- 2.16e-3 0.5630e-3 

L2(H) --- --- 0.1407e-3 
C(F) 318.31e-6 196.197e-6 196.19e-6 

 

 

The results of the simulation obtained from MATLAB for the unfiltered and filtered systems are 

displayed below. Figure 5 shows the overall grid voltage waveforms for the unfiltered system and the system 

with a single-order RC filter applied. The figure illustrates how the voltage waveform and THD change when 

filtering is introduced. Figure 5(a) presents the grid voltage waveform without any filter applied. Figure 5(b) 

demonstrates THD of the unfiltered grid voltage. Figure 5(c) illustrates the grid voltage waveform after 

applying a single-order RC filter. Figure 5(d) indicates THD of the grid voltage after the RC filter. 

 

4.1.  After adding a single-order RC filter 

Beginning with a single order RC-filter, the computed values of R and C were used in the filtering 

circuit at the output stage of the converter connected to the grid, and the THD of the grid voltage has 

improved to 1.26% as seen in Figure 5(d). While this single order filter has accomplished a great decline in 

THD, it is still not enough for grid operation. Figure 5(c) presents the waveform of the phase grid voltage 

after applying an RC filter, and the distortion is significantly lower than in the system without a filter. 

Overall, the RC filter greatly reduces THD compared to the unfiltered system, but it is still not sufficient for 

full compliance with grid standards, indicating the need for higher-order filters. 

 

 

  
(a) (b) 

 

  
(c) (d) 

 

Figure 5. Simulation results without filter and using RC-filter; (a) phase voltage waveform without any filter, 

(b) voltage harmonic spectrum of grid connected PV system without any filter, (c) phase voltage waveform 

with RC filter, and (d) voltage harmonic spectrum with RC-filter 
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4.2.  After adding LC-filter 

In the second-order LC filter configuration both the inductance and capacitance elements are 

incorporated into the filtering circuit. Where Figure 6 shows the overall grid voltage waveform when a 

second-order LC filter is applied at the VSC output. The figure illustrates the voltage waveform (phase 

voltage) and the corresponding THD under the LC filter configuration. Figure 6(a) illustrates Grid phase 

voltage waveform after applying the LC filter. The waveform shows a significant reduction in distortion 

compared to the unfiltered system. Figure 6(b) demonstrates THD of the grid voltage with the LC filter. 

When properly tuned to the grid system, this arrangement reduces the harmonic content of the voltage to 

2.04% as shown in Figure 6(b). The implementation of the LC filter at the VSC output greatly improves the 

quality of current fed into the grid, but it increases the DC voltage to a higher level than the rated value. The 

LC filter greatly reduces the distortion on the phase grid voltage which is shown in Figure 6(a). 

 

 

  

(a) (b) 
 

Figure 6. Simulation results of LC-filter (a) phase voltage waveform with LC filter and (b) voltage harmonic 

spectrum of grid-connected PV system with LC-filter 
 

 

4.3.  After adding LCL-filter 

When comparing this filter to the two filters that were previously analyzed, it is clear that this filter 

is considerably more effective. Where Figure 7 shows the overall grid voltage waveform when an LCL filter 

is applied at the VSC output. The figure illustrates both the phase voltage waveform and the corresponding 

THD under the LCL filter configuration. Figure 7(a) presents grid phase voltage waveform after applying the 

LCL filter. Figure 7(b) presents THD of the grid voltage with the LCL filter. The introduction of the LCL 

filter on the output side of the VSC interfacing with the grid has reduced the THD of grid voltage to about 

5.66%, as it’s shown in Figure 7(b). This level meets the IEEE 519-2022 standards which state that all 

voltage distortion on low-voltage systems at the point of common coupling (PCC) are: 

− Total harmonic distortion: maximum of 8%. 

− Individual harmonic components: each limited to a maximum of 5% [29]. 

This makes the output closely resemble sine wave which increases the system efficiency and keeps 

the dc voltage within the rated value. The Figure 7(a) represents the phase grid voltage waveform after 

applying the LCL filter and it can be seen from the figure, the distortion is very less. 

 

 

  
(a) (b) 

 

Figure 7. Simulation results of LCL-filter. (a) phase voltage waveform with LCL filter and (b) voltage 

harmonic spectrum of grid-tied PV system with LCL-filter 
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4.4.  Comparison between the different types of passive filters result 

This subsection will focus on comparing system efficiency, dc voltage and THD before and after 

adding filter in all three cases, RC passive filter, LC passive filter, and LCL passive filter. From Table 4, it 

can be observed that dc voltage is equal to 990.77(v) for RC passive filter case at the output side of VSC 

connecting to grid. After LC passive filter was added to the system, dc voltage dropped to 719.27(v). Further 

addition of LCL passive filter to the system dc voltage had become 500.3 (v). Consequently, these indicate 

that the LCL filter is considerably more effective than the previous two filters. The LCL filter introduces a 

resonant frequency, which was properly designed and passively damped to ensure stable and reliable 

operation. 

 

 

Table 4. Comparison between the different types of passive filters results 
 RC passive filter LC passive filter LCL passive filter 

THD before the filter (%) 41.95% 41.95% 41.95% 
THD after the filter (%) 1.26% 2.04% 5.66% 

Efficiency (%) 26.69% 98.68% 98.2% 

Dc voltage (v) 990.77 719.27 500.3 

 

 

The sensitivity of the LCL filter parameters to harmonic distortion is well-established in the 

literature. Increasing the inverter-side inductance L1 reduces the high-frequency current ripple injected into 

the grid, thereby lowering the THD. Conversely, a reduction in L1_L1 leads to higher ripple amplitudes and 

consequently higher THD levels. Similarly, the filter capacitor Cf plays a central role in attenuating 

switching-frequency harmonics. A smaller Cf results in insufficient harmonic absorption and increased THD, 

whereas increasing Cf enhances harmonic suppression but may introduce excessive reactive power at the 

point of common coupling (PCC). These trends are consistently reported across existing studies on LCL filter 

design for grid-connected converters. 

These findings are consistent with trends reported in previous literature, where LCL filters were 

highlighted for their superior harmonic attenuation capability compared to RC and LC filters. Studies such as 

[5]-[12] similarly confirmed that adopting an LCL structure enhances harmonic suppression while 

maintaining grid compliance. However, unlike some studies that focused solely on harmonic mitigation, this 

work additionally compared efficiency and DC voltage behavior, providing a more comprehensive 

evaluation. 

The comparative analysis performed in this study demonstrated that the LCL filter topology 

provides the best overall performance among the evaluated passive filters for grid-tied PV systems. While the 

RC filter achieved notable THD reduction (to 1.26%), the LC filter further improved voltage quality but 

introduced higher DC-link voltage stress. The LCL filter achieved the optimal balance, ensuring the lowest 

THD, improved efficiency, and stable DC voltage level. 

The findings of this study are significant because they address a critical challenge in grid-tied PV 

systems: maintaining power quality while minimizing harmonic distortion. Since modern grids are 

increasingly integrating renewable energy sources, understanding how different passive filter topologies 

perform under the same conditions provides engineers and researchers with practical insights for selecting the 

most effective filter type. The comparative results clearly demonstrate that the LCL filter achieves the lowest 

THD and maintains better voltage quality compared with RC and LC filters, which makes the conclusions 

directly relevant for designers of PV inverters, grid engineers, and researchers focused on improving the 

performance and reliability of distributed renewable energy systems. The efficiency is calculated as the ratio 

between the power delivered to the grid and the input power of the inverter. The relatively low efficiency of 

the RC filter is mainly due to the resistive element, which dissipates active power as heat. This inherent 

resistive loss increases with current magnitude, leading to reduced efficiency compared to LC and LCL 

topologies. Therefore, the observed efficiency values are technically justified and consistent with the filter 

structure. 

Although the RC filter achieves the lowest THD values, its performance is associated with 

significant resistive power losses, resulting in reduced efficiency. In contrast, the LCL filter provides a better 

overall trade-off between harmonic attenuation, efficiency, and practical applicability in grid-connected PV 

systems. Therefore, the optimality of the filter is evaluated based on comprehensive performance criteria 

rather than THD alone. Although the case study is conducted on a 33-bus system, the proposed optimization 

framework is general and can be applied to other grid-connected PV systems. The optimal parameter values 

may change with network characteristics, but the methodology itself remains valid. 
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5. CONCLUSION 

This work has focused on methods of harmonic mitigation and has provided the design procedure 

and effectiveness of passive RC, LC, and LCL filters in harmonic rejection on the output of the inverter in a 

PV fed system. This paper provides analysis on the THD components which its identification technique 

based on FFT, dc voltage, and system efficiency per each topology in order to optimize the performance of 

each filter. Optimized passive filter designs are critical for effective performance of grid interconnect 

systems. Different typologies RC, LC, and LCL are analyzed in Simulink using MATLAB for 100-kW three-

phase inverter PV grid connected system. The model developed in simulation has been tested both with and 

without filters and it has been demonstrated that a filter should be installed for the harmonic mitigation in 

case the control scheme of the inverter is unable to suppress the total harmonics. 

The findings of this work indicate that the dc voltage level with LCL filter is less than the voltage 

level with LC and RC filters when comparing these values to the rated dc voltage, and the LCL filter 

increases system efficiency in comparison to the RC filter. Hence, LCL filter is superior to both styles of 

filters discussed above. In conclusion, it is clear from the results that the LCL filter is the optimal solution as 

THD is reduced from 41.95% to 5.66% which is within IEEE 519-2022 standard, system efficiency improved 

to 98.2%, and dc voltage is at its rated value. This indicates that the third order LCL filter is more optimal 

than RC and LC filters. Overall, the study confirms that the LCL filter remains the most effective passive 

solution for harmonic mitigation in grid-connected PV systems, offering the best trade-off between power 

quality, efficiency, and voltage stability. These insights can support future grid-tied PV system designs 

aiming for improved performance and compliance with modern grid standards. 

Limitations:  while the proposed passive filter comparison demonstrates that the LCL topology 

provides superior performance in reducing THD and improving overall grid quality, these findings are based 

on simulations conducted for a 100-kW grid-tied PV system. Therefore, the optimal filter parameters might 

differ for systems with lower or higher capacities or for different penetration levels of distributed generation. 

In addition, implementing an LCL filter in real hardware may introduce practical challenges, including higher 

inductor costs, increased physical size, and the need for careful damping to avoid resonance. Future studies 

should validate these findings experimentally and evaluate the economic and physical feasibility of the filter 

designs across multiple PV power ratings. 

Future work: future research may extend this work by experimentally validating the simulated 

results using a hardware prototype. Additional studies could investigate the impedance characteristics and 

resonance behavior of the filters under different grid conditions. Further optimization of LCL parameters 

using artificial intelligence algorithms may also be explored to enhance filter robustness and reduce 

switching losses. Moreover, future studies can combine the comparative analysis with optimization 

algorithms (such as GA, PSO, or ANN-based tuning) to automatically determine the optimal filter parameters 

for different grid codes. 
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