
J Electr Eng Technol.2017; 12(1): 217-224 
http://dx.doi.org/10.5370/JEET.2017.12.1.217 

 217
Copyright ⓒ The Korean Institute of Electrical Engineers 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ 
licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Analysis and Design of LCL Filter with Passive Damping Circuits  
for Three-phase Grid-connected Inverters 

 
 

Hyo Min Ahn*, Chang-Yeol Oh*, Won-Yong Sung*, Jung-Hoon Ahn*  
and Byoung Kuk Lee† 

 
Abstract – The analysis and design process of the LCL filter with passive damping circuits for three-
phase grid-connected inverter are presented based on the generalized model of LCL filter.  Several 
types of the passive damping circuits in previous studies could be compared and analyzed by using the 
generalized model considering various design criteria of passive damping circuits. According to the 
analysis in this paper, a reasonable configuration of passive damping circuits for three-phase grid-
connected inverters is proposed. The validity of the proposed design process is verified by informative 
simulation and experimental results. 
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1. Introduction 
 
The high quality of output currents is a major factor in 

the design of grid-connected inverters. Therefore, a low-
pass filter (LPF) that has a high attenuation ratio of high-
order harmonic currents is necessary to be placed between 
the utility grid and the inverter [1-6]. When L filters and 
LC filters are used in grid-connected inverters, they are 
designed to be large in order to secure the high attenuation 
ratio in the high frequency band [6]. However, LCL filters 
are small and have sufficiently high attenuation ratios in 
the high frequency band, relative to L filters and LC filters. 
Therefore, they are commonly used in grid-connected 
inverters in the previous studies [1-7]. 

However, at the resonant frequency of the LCL filter, 
it has a very high resonant peak [1-4]. Therefore, output 
currents contain high resonant currents that cause 
divergence of the output currents. In addition, LCL filters 
are unstable because all poles and zeroes are located in 
the pure imaginary axis [10]. For these reasons, various 
methods to solve this problem have been suggested. 
Among these methods, a passive damping method that can 
reduce the resonant peak by adding passive components to 
an LCL filter has several advantages. First, it can be easily 
applied to LCL filters. In addition, the passive damping 
method does not require additional sensors or control loops 
[9]. For these reasons, in previous studies, many types of 
passive damping circuits have been studied. However, in 
these studies, comparison and analysis of various types of 

passive damping circuits have not been seriously considered 
and only specific types of passive damping circuits have 
been studied [2-4, 9]. Thus, the design of reasonable 
passive damping circuits for LCL filters to satisfy various 
design criteria has not been sufficiently carried out [1]. 

Therefore, this paper analyzes various types of passive 
damping circuits and presents a design process of the LCL 
filter with passive damping circuits based on various design 
criteria. For the analysis and design procedure, a generalized 
model of the LCL filter with passive damping circuits 
containing various combinations of passive components is 
suggested for a clear design of an LCL filter with passive 
damping circuits. Finally, the design process for the 
proposed model is verified by means of simulations and 
experiments.  

 
 
2. Design Process and Evaluation of LCL Filter 
 
A single-phase model, as shown in Fig. 1(a), is used to 

simplify the analysis and design of the three-phase LCL 
filter and passive damping circuits [1,2,5,6]. An ideal 
utility grid voltage does not have high-order harmonic 
components. Therefore, it can be treated as a short circuit 
in the high frequency band. The parasitic resistances (Ri 
and Rg) in filter inductors (Li and Lg) can be ignored 
because they are sufficiently small compared to filter 
inductance at high frequencies. For these reasons, Fig. 1(a) 
can be transformed into Fig. 1(b). Using both models in 
Figs. 1(a) and (b), the analysis and design of the LCL filter 
with passive damping circuits are performed. Based on Fig. 
1(b), the following equations can be derived and these are 
used to analyze the transfer functions of the LCL filter with 
passive damping circuits [1, 5-7]. 
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The first step in the design of the LCL filter is to 

determine the value of the filter capacitor (Cf) in the single-
phase model. Cf for the three-phase and wye-connected 
LCL filter can be calculated by using an allowable ratio 
of reactive power (β) at the fundamental frequency as (3) 
[5, 6].  

The inverter-side inductor (Li) can be calculated by the 
maximum allowable ripple of the inverter-side current 
(Δii.max). In the case of the space vector pulse width 
modulation (SVPWM) inverter, the ripple current of the 
inverter side can be expressed by (4) and Li can be 
calculated as shown in (5) by using (4) [5]. In previous 
studies, the allowable ripple current (Δii.max) is generally 
designed to be from 15 to 25% of the fundamental currents, 
based on the trade-off between losses of the switching 
elements and the inverter-side inductor [5].  
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Using the ratio of inverter-side to grid-side current (α), 

the grid-side inductor (Lg) can be designed. The short 
circuit model shown in Fig. 1(b) can be converted into the 

model in Fig. 2 because the calculated inverter-side ripple 
current of (4) can be considered as equivalent to a high-
order harmonic current source (iINV..h). In this model, α and 
the grid-side current (αiINV.h) can be derived as (6). Using 
(6), Lg can be expressed as (7) [1, 6, 7]. 
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(a) Equivalent circuit of LCL filter at fundamental frequency

Li Lg

CfVINV.h

iINV.h iC.h αiINV.h

 
(b) Equivalent circuit of LCL filter at high frequencies 

Fig. 1. Single-phase equivalent models of grid-connected 
inverter with LCL filter 
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Fig. 2. Equivalent circuit with inverter-side current 
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Fig. 3. Frequency response of LCL filter without damping 

circuits 
 
Table 1. Specifications of grid-connected inverter system 

Parameter Value 
Grid voltage (Vgrid) 3ø 380 VLL.rms 

Grid frequency (fgrid) 60 Hz 
Rated power (Prate) 10 kW 

Switching frequency (fs) 10 kHz 
Inverter-side ripple current (Δii.max) 3.2 Apeak 

Grid-side ripple current (Δii.max) 1.5 Apeak 

 
Table 2. Design parameters of LCL filter 

Parameter Value 
Inverter side inductor (Li) 1.31 mH 

Grid side inductor (Lg) 0.27 mH 
Filter capacitor (Cf) 3.0 uF 
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Based on the specifications listed in Table 1 for three-
phase grid-connected inverter, the LCL filter can be 
designed as in Table 2.   

The frequency response of the LCL filter in Table 2 can 
be depicted in Fig. 3. As shown in Fig. 3, it has been 
confirmed that the LCL filter is unstable, and in order to 
stabilize it, passive damping circuits should be used. 
However, passive damping circuits degrade the LCL filter 
such as additional losses and a decreased attenuation 
ratio of harmonic currents and power density. Therefore, 
analysis and comparison of various types of passive 
damping circuits are necessary to select an optimal case. 

 
 

3. LCL Filter Models with Passive Damping 
Circuits 

 
3.1 Generalized model of LCL filter with passive 

damping circuits 
 
Comparison and analysis of many types of passive 

damping circuits are necessary to design reasonable 
combinations of passive components for grid-connected 
inverters. In order that, a generalized model of an LCL 
filter with passive damping circuits is proposed as shown 
in Fig. 4. Unlike in previous studies, the characteristics 
of each passive damping circuit are analyzed and compared 
based on the locations and combinations of passive 
components using this model except for certain types of 
passive damping circuits such as large passive components 
and added resonant frequencies [1].  

When calculating the transfer functions using Table 3 
and (8), the unused damper and passive components are 
treated as open or short according to the connection or 
position of passive components. For example, when Rd in 
damper D is selected for adding one zero and one pole in 
the left half plain, damper A are treated as short, damper B 
and C are treated as open and Ld and Cd in damper D are 
treated as short. After this process, the transfer functions 
can be calculated by substituting design parameters in (8). 
Based on the calculated transfer functions in Table 3 and 
Fig. 4, frequency responses by combinations and locations 

of passive components in each damper are depicted in 
Fig. 5. Fig. 5 shows that although each damper can 
reduce the resonant peak with only damping resistors, 
when filter capacitors or inductors are connected to 
damping resistors, the characteristics of the LCL filter with 
passive damping circuits are changed more than when 
using passive damping circuits without inductors and 
capacitors. Therefore, various types of passive damping 
circuits and design criteria should be considered in the 
design. In addition, reasonable passive damping circuits 
should be selected. 
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3.2 Design process of LCL filter with passive 

damping circuits 
 
The design criteria of the passive damping circuits are 

as follows: First, the magnitude at the resonant frequency 
should be sufficiently small. In the case of this criterion, all 
configurations of dampers in Fig. 5 satisfy this condition. 

Second, degradation of the attenuation ratio in the high 
frequency band should be small. When damping circuits 
are applied to the LCL filter, the attenuation ratio decreases 
and it causes a decrease in the quality of the output current. 
Therefore, when the quality of the output currents is a 

 
Fig. 4. Generalized model of LCL filter with passive 

damping circuit 
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primary factor, a damping circuit that causes high 
degradation of the attenuation ratio is not suitable. 
Considering only a case in which a small degradation of 
attenuation ratio occurs, the series L-R structure in damper 
D is reasonable for the passive damping circuit. Third, the 
values of the damping components should be small 
compared to those of Li, Lg and Cf. The series L-R structure 
in damper D has little degradation of the attenuation ratio, 
as mentioned above. However, the value of the damping 
inductor (Ld) is not sufficiently small. This case causes 
additional losses in the magnetic substance, and the size 
of the damper increased. Finally, losses in the damping 
resistors should be minimal. Therefore, the impedances 
of the series-connected passive components should be 
minimal and those of the parallel-connected passive 
components should be large, compared to those of the filter 
components in the high frequency range. In addition, In 
terms of this point, damper B and damper C are not 

suitable because they are connected with Li and Lg. Thus, 
losses by fundamental and low-order harmonic currents are 
relatively higher than damper A and damper D that are 
connected with Cf. When resonant currents are ignored, 
losses by damping resistors in damper A and damper D in 
conditions of maximum ripple current are shown in (9) and 
(10) [12]. 
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Considering these design points, analysis of passive 
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(a) LCL filter with damper A 
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(b) LCL filter with damper B 
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(d) LCL filter with damper A 
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(d) LCL filter with damper C 

Fig. 5. Frequency responses of LCL filter with each damper 
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performed using the generalized model. Damper A in Fig. 4 
has small passive components, but the slope of its transfer 
function is smaller than that of the basic LCL filter (-60 
dB/Dec.). Therefore, securing a high attenuation ratio in 
the high frequency band is more difficult than for damper 
D. By contrast, the series L-R structure in damper D can 
secure a high attenuation ratio, compared to other dampers. 
However, Ld in damper D is designed to be larger than 
others. In addition, Ld causes additional losses and 
decreases the power density. Thus the series L-R structure 
in damper D is not reasonable for use in the LCL filter of 
the grid-connected inverter. Therefore, a reasonable 
damper for a grid-connected inverter is the series R-C 
structure in damper D, considering losses, design size, and 
attenuation ratio in the high frequency band. Although the 
series R-C structure in damper D has a smaller attenuation 
ratio than that of the series R-L structures, it has relatively 
smaller damping resistor. The transfer function of the LCL 
filter with series R-C structure in damper D can be 
expressed by (11). In this equation, a damping resistor (Rd) 
is designed based on the location of the added zero, as 
shown in (12), and (13) gives the design range of Rd. The 
frequency response for the design range according to Rd is 
shown in Fig. 6. In (13) and Fig. 6, the minimum value of 
the range is the resistance which makes -3 dB magnitude at 
the resonant frequency and its maximum value is that the 
added zero is located at the resonant frequency because 
when the added zero is located below the resonant 
frequency, Rd is designed to be large. Lastly, the power loss 
by Rd is shown in (14). 
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The finally selected value of Rd is 1.0 Ω that makes 

magnitude at resonant frequency to -3 dB. The designed 
parameters of the LCL filter and damping circuits is shown 
in Fig. 7(a) and its frequency response is shown in Fig. 
7(b). 

In the fundamental frequency band, impedances of Li, Lg 
and Rd are relatively smaller than Cf and Cd. Therefore, the 
voltage rating of them should be higher than phase voltage. 
In case of the fundamental current, it mainly flows through 
Li and Lg. Therefore, the rated current of them should be 
higher than the maximum phase current. Lastly, the rated 
power of Rd should be higher than a calculated value by 
(14). However, it should be designed with sufficient rated 
power margin because, resonant currents are ignored 
when deriving (9) and (10). The design process of the 
LCL filter with passive damping circuits in this paper is 
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Fig. 6. Design range of LCL filter with passive damping 

circuits 
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(b) Frequency response of the designed LCL filter 

Fig. 7. Designed LCL filter with passive damping circuit
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shown in Fig. 8. 
 
 

4. Simulation and Experimental Results of 
Designed LCL Filter 

 
4.1 Simulation results of designed LCL filter with 

passive damping circuit 
 
Simulation of the designed LCL filter with a passive 

damping circuit is performed to verify the validity of the 
designed LCL filter and passive damping circuits. The 
designed LCL filter is connected to a three-phase grid-
connected SVPWM inverter and the simulated results are 
shown in Fig. 9. Fig. 9(a) indicates the inverter-side and 
grid-side currents and Fig. 9(b) shows the current ripple of 
both inverter-side and grid-side currents. In addition, Fig. 
10 shows the ripple current of Rd. 

Table 4 shows the evaluation of the simulation results 
compared to the calculated values and α in Table 4 is 
calculated using the fast Fourier transform in the 
simulation tool. Errors in the inverter-side current ripple as 
shown in Table 4 are greater than the errors in the grid-side 
current ripple.  

This is because the resonant currents are not considered 
when designing the LCL filter. In the case of a grid-side 
current ripple, the calculated and simulation results are 
nearly the same, unlike in the case of the inverter-side 
current ripple because the resonant currents are filtered by 
Cf. At the switching frequency, the simulated value of α is 
also similar to the calculated value, because the harmonic 
current at the switching frequency is not influenced by 
the resonant currents. Therefore, errors in the inverter-side 
current ripple by the resonant current do not affect the 
design of the LCL filter because the grid-side current is 
considered mainly when designing the LCL filter. As 
shown in Figs. 9(a) and (b), the output currents of the 
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Table 4. Evaluation of simulation results of designed LCL 
filter 

Maximum current ripple of inverter side current 
Calculated value Simulation value 

3.2 Apeak 3.4 Apeak 
Maximum current ripple of grid side current 

Calculated value Simulation value 
1.51 Apeak 1.53 Apeak 

α (IINV.H / IGrid.H) @ 10 kHz 
Calculated value Simulation value 

0.47 0.48 
 

 
(a) Inverter-side and grid-side currents 

 

 
(b) Current ripple of inverter-side and grid-side currents 

Fig. 9. Simulation results of the designed LCL filter 
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designed LCL filter satisfy the standards for harmonic 
currents. In addition, the RMS current of Rd and total losses 
in Rd are only 0.81 Arms and 1.9 W (0.6 W per phase) at the 
10 kW load. These results show that the designed LCL 
filter and passive damping circuits can be adapted to grid-
connected inverters, because of the high quality of the 
output currents and the low losses in the damping resistor. 

 
4.2 Experimental results of designed LCL filter with 

passive damping circuit 
 
The designed prototype of the LCL filter based on the 

design process discussed in previous sections is shown in 
Table 5 and an experiment was performed in the grid-
connected condition. In the condition of a full load (10 
kW), the average THDi of the output currents in Fig. 11 is 
3.46%, as measured by a power analyzer. The measured 
THDi is greater than both the simulated and calculated 
results because impedances of the real AC grid and the DC 
bias characteristics of the inductors are not reflected in the 
simulation. However, the experimental results still satisfy 

the standards of harmonic currents [11]. Therefore, the 
design process of the LCL filter with passive damping 
circuits in this paper is reasonable for grid-connected 
inverters. 

 
 

5. Conclusion 
 
In this paper, the design process of the LCL filter using 

simple short-circuit models without complex mathematical 
methods is presented. In addition, comparison and analysis 
of previous passive damping circuits are presented using 
the generalized model of the LCL filter with passive 
damping circuits. Based on the design process of the LCL 
filter and analysis results of passive damping circuits, the 
LCL filter with passive damping circuits for three-phase 
grid-connected inverters is designed. Through the simulation 
and experiment results of the designed LCL filter, the 
design process of the LCL filter with passive damping 
circuits are verified. Therefore, it is noted that the analysis 
and the proposed design process could be utilized in the 
grid-connected inverter systems for various applications. 
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