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Abstract- This paper delivers the step sequence that complies with the systematic design methodology for the LCL-type filter
for the inverter-grid system, as well as an analysis of its internal damping stability. The use of the power inverter is vital to
transfer the energy from renewable energy sources to the existing electrical grid. Therefore, it is essential to model a non-response
LCL filter’s parameter values that do not compromise the filter’s effectiveness and provide pure current waveform for harmonics
reduction before the current is injected into the grid. At the same time, the LCL filter also must have a stable damping performance
that is able to attenuate the high resonance peak and simultaneously offers better high-frequency attenuation. To verify the
selected inductance and capacitance values of the LCL filter, passive and active damping methods are comparatively studied.
Each step provided in this paper for the modeling and selection of vulnerable coefficients of the LCL filter is verified through
MATLAB/Simulink software, and simulation results show significant evidence that the sequence will give a better signal current
output, maintain the cutoff frequency signal and reduce the Total Harmonics Distortions (THD) to below the IEEE Standard.

Keywords LCL filter, passive, active, internal damping, stability.

1. Introduction

In the current paradigm of a power system, distributed
power generation (DG) systems have been widely realized for
the integration of renewable energy sources (RES). It is
because renewable energy has become a promising source of
alternative energy generation which significantly solves the
current energy crisis and environmental concerns by
delivering more sustainable energy as well as reducing global
warming, as reported in decarbonization policies [1]. A grid-
connected inverter controlled by pulse-width modulation
(PWM) techniques has an extensive impact in promoting RES
consumption, where the power converter is used as an
interface unit that enables RES to deliver power to the power
grid. Hence, it is vital to identify which filter types are
adequate for each application. The accessibility of RES
operation is necessary due to the power electronic-interfaced
converter acting as the voltage source inverter (VSI) that can
operate in two different modes, which are the voltage-
controlled mode (VCM) and the current-controlled mode

(CCM) [2]-[4]. In VCM, the VSI output is controlled by
regulating its amplitude and frequency. On the other hand,
CCM adjusts the output current to the reference value. Indeed,
with this accessibility, more advanced distributed electrical
systems with multiple-source DGs and loads, which are
defined as microgrids, can be regulated at the same time. This
will not be discussed in this paper.

An interfaced inverter decoupled with an AC low-pass
passive filter is primarily used to attenuate high current
harmonics injected into the primary grid. Three types of low-
pass filters have been presented over the years, which are L,
LC and LCL filters. Undoubtedly, the L filter is the most
commonly applied filter due to its direct implementation,
followed by the LC and LCL filter configurations. However,
the L filter experiences a higher inductance value and gives
low attenuation [5], making it vulnerable to harmonics
pollution at high switching frequency. Therefore, the LC filter
is presented to overcome the limitations of the L filter. Better
attenuation and less losses, as well as cost reduction, are the
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main advantages of the LC filter. Despite these advantages, the
resonance frequency of the LC filter is proportional to the
grid’s inductance value [6], thus making it not compatible with
grid-connected inverter applications. Hence, the LCL filter is
used to decouple the inverter from the primary grid. It
provides a great extent of attenuation at higher inverter
switching frequency, while at the same time having low grid
inductor current ripples [7], [8]. For instance, if the PWM’s
switching/carrier frequency, fw, is at 10 kHz, then the cutoff
frequency, fe, is relatively smaller than 10 kHz to provide
enough attenuation for the harmonics near to 10 kHz. Both the
L and LC filters are not recommended because the reduction
of high-frequency attenuation is rated at —20dB/dec and at —40
dB/dec, respectively [5], [9]. Whereas, the LCL filter’s
harmonics attenuation can achieve —60dB/dec with small
values of inductance and capacitance.

Numerous studies have been presented for the designing
ofthe LCL filter with better stability. For instance, the research
in [5], [6], [10]-[15] propose modeling and stability
approaches through the interactivity within the microgrid with
filter implementation, which is claimed as invulnerable to
higher-harmonics attenuation and with small values of
inductance and capacitance required. It offers flexibility to the
control design and the tuning process, particularly for the inner
control loop. Meanwhile, studies in [16] and [17] shows the
harmonics pollution can be attenuated through renewable
energy generator itself. Yet this approached experience high
computational burden. The LCL filter is predominantly used
for the reduction of harmonics pollution by a great extent, yet
it broadens the stability issues. Hence, the passive and active
damping methods are included to damp the resonance [18],
[19]. This means that an adequate filter design methodology
can be maximized with avoidance of undesirable stability
issues. Although systematically designed, the LCL filter-based
grid-connected inverter experiences additional stability issues.
The overall system stability may be degraded with the
presence of the external resonance through the inverter and the
weak grid and also from the configurations of the inverters in
parallel, so-called the external stability phenomenon.
Whereas, the stability of the internal current control loop is
equivalent to the inherent LCL-filter’s resonance peak, which
corresponds to the internal stability. Numerous research works

Renewable Energy

have been presented to provide solutions to overcome the LCL
filter’s resonance. For instance, the standard solution for this
phenomenon is by adopting the passive damping (PD)
method. In such a way, the resonance peak can be attenuated
by adding a resistor in series with the capacitor and in parallel
with the inductor of the LCL filter, while at the same time
providing enormous current controller stability by widening
the frequency range [11]. It offers a more straightforward
implementation with sufficient resonance attenuation.
However, it requires a resistor (physical), which provides high
damping losses, increases power losses to the system and
increases the filter’s size, while the reliability of the passive
components becomes degraded.

Numerous works have been proposed to provide a more
efficient solution than the conventional PD method. For
instance, the active damping method (AD) has become an
alternative method to mitigate the LCL filter’s resonance
phenomenon. In contrast with the PD method, the AD
approach is realized without adding extra sensors as well as
passive parameters. However, there are still research gaps in
the sequence-rule analysis of passive and active grid-
connected LCL filters. Therefore, along with presenting filter-
designing procedures, this paper provides a comparative study
of the step sequence for active and passive damping methods
since they rigidly bond to inverter control for actively damped
oscillations between the output filters. Hence, this paper
contributes towards legitimate guidelines for parameters
boundary selection for stability and do not interfere with the
output signal for designer to plan their filter that meet the
requirement. A typical LCL filter-based inverter-grid system,
which includes the inverter-side inductor Ly, the grid-side
inductor Lg and the capacitor Cy, is shown in Fig. 1.

The remainder of this paper is organized as follows.
Section 2 delivers a systematic design methodology for the
LCL filter with relevant procedures for the design process.
Section 3 presents the discussion on the damping stability
techniques, including passive and active damping methods,
while providing characteristics comparison in a tabulated
study. Simulation results for both damping methods are
presented in Section 4, and the conclusion is delivered in
Section 5.
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Fig. 1 Microgrid with grid-connected inverter
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2. LCL-Filter’s Systematic Design Methodology

Various criteria should be considered when designing an
LCL filter, for instance, the filter size, the switching ripple
attenuation and the current ripple. Therefore, the per-phase
equivalent circuit is presented in Fig. 2, which can extract the
derivative equations via Kirchhoff’s voltage and current laws,
as stated below:

L 0

A+ Lf

: i R
A (I o

«---

v

Ve

Fig. 2 The per-phase eclluivalent circuit of the LCL filter
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ng )

At the initial stage, all the initial conditions should be
predetermined, including the line-to-line voltage Vims, base
power P, inverter switching frequency fw, grid/rated
frequency f; and rated current lues. Then, the parameter
selection of the LCL filter can be realized as stated below.

Step 1: Determine the filter capacitance’s base value, C». The
filter capacitance Cr can be obtained as 5% of the base
capacitance, or Cy= 0.05Cp.

Step 2: Determine the inverter-side inductance Ly with the
maximum current ripple at the inverter Almax with modulation
index m:

2V
Al oy = =2 (1=m)mT,, 2)
3L,
The maximum peak-to-peak current ripple is believed to occur
at m=0.5; thus, the equation can be derived as:

Va’c
6fswL f
By selecting 10% ripple of the rated current, Znaxis given by:

Al;  =10% Pb—\/z 4)

‘max 3Vph

Step 3: Select harmonics attenuation factor ¢ at 20% within
(10% <0 <30%) [20]; thus, Lgcan be determined accordingly:

L+1

52
Ly=—""" (5)
Cr(2nfp)
or Lg can be obtained through the ratio () of Lg and Ly, where
Le=xLy, and L; can be defined either less than Ly, or similar to
Ly when achieving x=1.

€)

Al max =

Step 4: Verify that the resonance frequency f- must be within
an acceptable range. If f- is less than 10fg, then the capacitance
value in Step 1 should be reduced. Whereas, when f; is higher
than the 0.5fw, either the capacitance value or fsw should be

an lpll] ied.
I ’

Step 5: Check that the Total Harmonics Distortion (THD) of
fe should be lower than 5%. If higher, then adequately reduce
o with a new design process.

The selection of the LCL filter’s parameters is an
iteration process until all the constraints are satisfied. Table 1
displays the respective burden of the LCL filter’s parameter
values on filter performance. The validation of these values is
carried out via the internal stability process in Section 3 and
the simulation is presented in Section 4.

Table 1 The performance burden of LCL filter’s parameters

Parameters Performance burden
Filter capacitance, Cr Small Cr involves large
P inductance.

Cr=5% —b2 Large Cris consequential in
27 foVims low power factor.

Inverter-side inductance, Ly | Large Ly results in high
I Vie voltage drop that is less
Ter AT than th t ripple.

"% fon AL an the current ripple

Harmonics attenuation rate, | Small J is equivalent to
1 having low THD.

- 1+K(1—L_fcfwfw)

Resonant frequency, fres

10£ < fres <053

Small fres corresponds to

narrow control bandwidth.

Large Sres involves

resonance peak near fow.

Damping resistance, Ra Large Ru results in high
1 losses.

30,y

Ry

2.1. Example of a generalized design procedure

Based on the discussion above, the parameter values and
the generalized design procedure for the LCL are now
presented comprehensively for scalability. Thereby, the
values for both inductance and capacitance would be selected
accordingly. The chosen inverter with base power P of 5 kW
is used, together with 400 Ve of DC-link voltage, 12 kHz of
inverter switching frequency and a nominal grid system of
240-V 50-Hz three-phase network. The base capacitance Cs
can be found as 1.1 mF and the selected capacitance size is
221 pF in order to be within the limit of 5% of the base value
Cp. With 10% allowed ripple, equation (4) gives the inverter-
side inductance Ly equal to 2.8 mH. After setting the desired
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attenuation rate J at 20% and applying equation (5), the grid-
side inductance Lg is selected at 4.7 pH. Table 2 summarizes
the selected LCL parameters with their respective values.

Table 2. The LCL filter’s selected values

Parameters | Symbol | Value
Base

Power Py 5 kW
Nominal voltage Vims 240 V
Nominal frequency fz 50 Hz
Switching frequency Ssw 12 kHz
Calculated

Inverter-side inductance | Ly 2.8 mH
Grid-side inductance Lg 4.7 pH
Capacitance Cr 221 pF
Resonance frequency fr 4.9 kHz

3. Damping Techniques for Internal Stability

As aforementioned, the LCL-filter’s resonance peak is
primarily the factor that distributes the stability of the internal
current control loop for the individual inverter. Therefore,
numerous damping methods have been discussed over the
years that can be employed to escalate the system damping for
solving the resonance problem, including the passive damping
(PD) and active damping (AD) methods. Henceforth, in this
section, further description of the characteristics of both
damping methods will be discussed.

3.1. Passive Damping (PD)

The PD method is a widely adopted method to guarantee
the stability of LCL-filter-based inverter-grid converter. It has
been reported that six typical PD methods can be employed by
adding serial or parallel resistors in the LCL filter branches, as
illustrated in Fig. 3. As can be seen, Rpi;, Rp; and Rps are
damping resistors in series with Ly, Cr and Lg, respectively.
Meanwhile, Rp2, Rps and Rpsare damping resistors in parallel
with Ly, Cr and Lg, respectively. Also, notice that R; and Rs
correspond to the equivalent resistances of Ly and L,. A serial
resistor with the capacitor is used to attenuate a portion of the
ripple on the switching frequency for resonance avoidance.
The selection of the damping resistor’s value falls within one-
third of the filter capacitor impedance at the resonant
frequency [21] to satisfy the requirement in Table 1.

It is worth mentioning that PDi, PDs and PDs are
relatively common in the PD method as they are equivalent to
the resistance for both Ly and L¢ inductances as well as the
capacitance of Cr. Yet, PD; is the sole primary approach
applied in grid-connected filters. As compared with PD3, both
PD: and PDs cause significant damping loss factor due to the
path of the power flux directly through Rp; and Rps [22]. In
addition, the presence of the diminished low-frequency gain
causes the dynamic tracking performance to deteriorate.
Therefore, PD1 and PDs are not recommended. Meanwhile,
from the perspective of damping effectiveness, filtering
performance and power losses, PDs utilizes a small resistance
value, which is not applicable in the other PD methods. At the
same time, however, it degrades the attenuation of high-
frequency harmonics [23].

In the inverter-grid connection, the voltage source from
the power grid is assumed to be an ideal voltage source that
contains a pure sinusoidal signal capable of dumping all the
harmonics frequencies. Hence, the typical transfer function for
the undamped LCL filter as grid current per inverter-side
voltage is denoted as:

G =—8% — 3 1 (7)
i LpLyCos +(Lf+Lg)s

The passively damped method becomes a second-order
low-pass filter (LPF) at the high-frequency range, thus
reducing the harmonics-attenuation ability. Notice that each
resistor corresponds to its respective PD method; for instance,
Rp; is equivalent to PDi. Thus, each PD method has its
respective transfer function which is equivalent to the
configuration in Fig. 3. For example, equation (2) represents
the transfer function of PDi, which considers the resistor
damping factor. Theoretically, adding a damping resistor
could counteract the high resonance peak.

1

Gpp, = 3 3 ®)
LiLyCys® +L,CrRis® +(Ly +Lg s+ R,
L S+R2
Gpp, = L CRs ! 5 )
sLeCyRys® +LyLys® +(Ly + Ly ) Rys
CrRys+1
Gpp, = 3 L2 5 (10)
LiLyCys® +(Ly+ Ly )CrRys® +(Lyp+Lg )s
Ry
Oro = e R AL Rys? +(Ly +Ly | Rys (b
S [ frgh4 f g )
Gpp, = 3 1 5 (12)
LyLyCyRss® +LyCrRss” +(Ly+Ly s+ Rs
GPD6 - 3 A +IQZS (13)
LyLyCyRgs® +LpLys” +(Ly + Ly ) Res
RD2 RDG
Rp, ir 1y Rps
- ;55: .
- L ic L, +
RD3
V;nv Vg

Fig. 3 The configuration of six damping resistors for a
typical PD method
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3.2. Active Damping (AD)

The active damping approach is generally a filter-based
damping method. By inserting a digital LPF filter equivalent
to the current control loop, it is used to counteract the
resonance peak with a straightforward implementation
without additional sensors and passive components. In
addition, it can be directly cascaded into the current controller.

Numerous filters have been proposed, including notch filter
(NF) [18], [24] and low-pass filter [12], [25], among others.

For the NF approach, the compensation of resonance peak
is realized by inserting an NF in the current loop to introduce
a negative notch peak in the system. In order to provide
adequate damping, the tuning of NF frequency, f», has to be at
the resonance frequency of the LCL filter, or f, equal to £ [24].
Therefore, f, is tuned to differ from the nominal f- to emulate
the parameters’ shift. The merits of the NF method is that it
offers a sensorless concept, along with requiring no passive
component. However, the design solely depends on the
inductance and capacitance values of the LCL filter. Despite
offering system stability and robustness, it still has inherent
limitations. For instance, the phase deviation causes stability
deterioration, and estimation accuracy is still affected by the
system model. In addition, the notch effect depends on the
resistance of the LCL filter; thus, it is vital to know the
resistance values of the inductors [26]. Hence, LPF is chosen
over the notch filter as it offers superior stability performance
as well as design simplicity. The system transfer function for
high frequency is unaffected and even contains the notch filter
function. The transfer function of NF is denoted as follows:

s2+a),f

Gy (s)=— 3 (14)

57 +0s+w,

where Q and w» correspond to notch filter quality factor and
angular frequency of notch, respectively. Notice that O is
equivalent to a narrow rejection bandwidth that results in
sensitivity to the shifting of resonance frequency by a great
extent [19].

As compared with the NF method, the LPF method
significantly widens the phase margin of the system that
corresponds to f- [27]. The selection of the filter’s cutoff
frequency f- is a tradeoff between the control bandwidth and
the stability margin. Consequently, the low resonance
frequencies can be damped out but owing to the diminished
closed-loop bandwidth. However, the better tradeoff is
observed when the selection of cutoff frequencies is equal to
resonance frequencies, or we=w, [25]. Therefore, the sufficient
damping coefficient is selected at 0.77, or 1/N2. The advantage
of the active damping method is that it can bypass the —180°
crossing in the frequency range with a gain above 0 dB. Thus,
the —180° crossing can be reduced and shifted either to lower
or higher frequencies. The standard LPF second-order transfer
function is denoted as below:

2

G, = “ (15)

s= 3 . 2
s°+2¢w,.s + w;

where @, corresponds to the angular resonance frequency of
the LCL filter and ( is the damping coefficient. By using the
parameter values shown in Table 2, with damping resistance
of 0.1 Q < Rp <10 kQ, damping factor of 0.3 < {<0.7 and
resonance frequency f- at 4900 Hz, the corresponding adequate
damping stability is when considering the 0.7 damping factor.

4. Simulation Results

The passive and active damping methods’ performances
are tested thoroughly using MATLAB/Simulink. For this
purpose, the LCL filter’s parameters listed in Table 2 are used.
The system is supplied with 240-Vims 50-Hz three-phase
sinusoidal supply. Both damping methods are comparatively
presented to address the attenuation of resonance peak and the
reduction of high-frequency harmonics.

4.1. Passive damping analysis

The Bode plots of the LCL filter’s frequency response for
undamped and damped stability via the PD method, which are
based on the transfer functions in equations (2) to (7), are
depicted in Fig. 4. As can be seen, the undamped results have
a higher resonance peak that leads to instability issues.
Conversely, it can be counteracted by applying various
damping resistance values. As noticed in Fig. 4(b), (c) and (f),
the attenuation slope of the high frequency is diminished in
comparison with the undamped LCL filter. This is due to the
zero component in the transfer function.

Meanwhile, Fig. 4(a) and (e) show that the attenuation of
high-frequency harmonics is unaffected but causes significant
damping losses in PD: and PDs, which are introduced by the
direct path of the power flux via Riand Rs. Thus, the dynamic
performance is reduced, caused by a reduction in the low-
frequency gain. Therefore, PD1 and PDs are not suitable and
not recommended. Meanwhile, PD2 and PD¢ require large
resistance values with condensed harmonics-attenuation
ability. In comparison, the filtering performance shown by
PDs is adequate as compared with the other five PD methods
and with constant frequency characteristics, yet its damping
losses are comprehensively high due to the effect of AC bus
voltages.

Comparing the six typical PD methods, PDs illustrates the
most effective damping, better filtering performance and less
power losses. Notably, it solely uses small resistance values,
but this deteriorates its attenuation of high frequency.
Therefore, R; is selected as 20% of the capacitor impedance at
the resonance frequency to provide ample stability margin for
the system. However, power losses are inevitable in PDs.
Nevertheless, the currents passing through damping resistor R;
can be embedded into the switching harmonics, resonance
components and fundamental variables; thus, power losses are
primarily caused by the resonance and fundamental currents.
PD; is relatively recommended since it can gradually reduce
damping losses while retaining the attenuation of high-
frequency harmonics.

Although the PD method can ensure a robust system
along with stability, it still has inherent limitations that affect
the effectiveness of the overall system in terms of damping
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losses. The merits and shortcomings of the six typical PD
methods according to Bode plots obtained in Fig. 4 are
comprehensively presented in Table 3.

4.2. Active damping analysis

Digital filter-based active damping is applied for passive
component avoidance and better high-frequency stability
performance. After employing the filtered active damping
method, the LCL filter’s resonance peak is counteracted, as
proved through the Bode diagrams shown in Fig. 5. Also,
notice that the L filter’s transfer function feature is being
included. The L filter is well known to have a simple design
by excluding the capacitive shunt branch and retaining the
inductance values. The LCL filter is well-damped when
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applying the damping coefficient { in the transfer function in
equation (15) wunder various damping factors and
implementing the parameters listed in Table 2. In Fig. 5(a),
notice that the damping coefficient { increases from 0.3 to 2.
Notice also that up to a sufficient value, which is selected at
0.7, it has the ability to attenuate the high-resonance
frequency. Meanwhile, Fig. 5(b) shows the stability margin in
the root locus diagram. Notice that the conjugates move to the
left-plane as the damping coefficient increases. It proves that
the designed LCL’s parameter values show stable
characteristics, along with an increased damping coefficient.
As a result, superior stability is obtained at this stage. Hence,
better stability for L;, L, and Cr is guaranteed even under
various damping coefficients.
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Fig. 4 Bode plots for passive damping methods with various damping resistor values: (a) PD1, (b) PD», (c) PD3, (d) PDs4, (¢)
PDs and (f) PDs
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Table 3 The benefits and shortcomings of the damping method

Damping methods | Benefits Shortcomings
PDs Better low-frequency gain. Damping loss factor.
Experiences damping losses.
PD; Better low-frequency gain. Damping loss factor.
Small number damping resistor is required. Deterioration of high-frequency harmonics
attenuation performance.
PD4 Better damping performance. Higher degree of damping losses.
Better low-frequency gain. Modest capability of disturbance rejection.
PDs Better low-frequency gain. Higher degree of damping losses.
Fast dynamic response. Deterioration of high-frequency harmonics
attenuation performance.
AD Straightforward implementation. Vulnerable to f- variations.
Superior damping performance. Control bandwidth is limited by cutoff frequency.
No passive component requires. Low frequencies affect small phase margin.
180 Bode Diagram 100 Root Locus
I ¢ 064 ! 0.5 0.38 ! 0.28 ! 017 ! 0.08 Lo
120 - 1 5e+03
o Resonance Peak 3F08 =03
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Fig. 5 Diagrams of the active damping method obtained through various damping coefficients: (a) Bode plot and (b) root
locus

The obtained gain margin G» and phase margin P» with
¢ at 0.7 correspond to 5 dB/dec and 20/dec dB, respectively.
With the rated power of a distributed generation of 5.5 kVA
and the high switching frequency of 12 kHz, the damping
coefficient of 0.7 is sufficient to handle the filter’s design
procedure. This means that stability is guaranteed even under
significant inverter-side inductor variations. In addition, the
resonance peak can be attenuated, along with the gain
response, as a sizeable proportional gain would force the real
closed-loop pole to move further away from the imaginary
axis. The conjugate poles that move closer toward the right
half-plane would make the system become gradually unstable.

4.3. The designed LCL filter’s performance

The designed LCL filter is tested through simulation
software via MATLAB/Simulink tool. The simulation results
are obtained for a three-phase PWM inverter with the
parameters listed in Table 2. The grid-side current with
increased damping resistance Rp; of 1 Q is shown in Fig. 8(b).
Notice that the current magnitude is about 15 A; however, as
can be seen, the distortion of the grid-side current in Fig. 8(b)
is relatively more severe than that in Fig. 8(a). Therefore, even
with a small value (0 < Rp < 1) of damping resistance, it is

unable to achieve an ideal output current even in ideal
conditions. In addition, it contains considerable damping
losses, which are proportional to the increase in the damping
resistance.

Meanwhile, Fig. 7 shows the resulting current for the
active damping method with 0.7 damping coefficient.
Notably, the obtained waveforms depict a pure sinusoidal
waveform as in Fig. 6. For comparison, Fig. 8 displays the
comparison of the yielded currents and voltages (/rp3 vs. Lup
and Vrp3 vs. Vap ) for both the damping resistor and the digital
filter. As can be seen, regardless of the increase in the damping
factor, smoother system current flow and voltage are
observed. Notably, the background distortion in /4p as well as
in V4p can be diminished with the help of adequately designed
LCL filter. As a result, the current harmonics component can
be attenuated at the switching frequency, and pure sinusoidal
waveform can be simultaneously provided. Thus, the stability
margin of the overall system is guaranteed.
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Fig. 8 Comparison of simulated waveforms with damped
LCL: (a) grid-side current and (b) grid-side voltage

In the case of current harmonics distortion, which results
in the background current at the grid side, the FFT analysis
tool has been used to verify the ability to attenuate current
distortion, and Fig. 9 displays the outcomes. The THD for the
passive damping approach with damping resistance selected
at Rp to be 1 Q is about 3.89%. Meanwhile, the active damping
method indicates 0.93% of THDi. Notably, the largest
switching frequency’s current harmonic component is 70% on
the converter side, whereas it is 20% on the grid side.
Significantly, the grid current’s THD relatively decreases and
is well below 5%, which satisfies the IEEE 519-1992 Standard
[28]. The performance of the designed LCL filter is stable with
a sufficient number of inductors and capacitor. It can be seen
that the grid-side current introduced by the active damping has

an excellent ability to attenuate current distortion. Overall, the
harmonics analysis significantly displays the effectiveness of
the designed filter.

Fundamental (50Hz) = 21 , THD= 3.89%

0.5 ‘ ‘ ‘
0 I | |
6 8

o] 2 4

Mag (% of Fundamental)

6 18

Harmonic order

(@)

1551



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

R Jackson et al., Vol.10, No.3, September, 2020

Fundamental (50Hz) = 14.84 , THD= 0.93%
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Fig. 9 THD analysis of LCL filter’s current: (a) inverter-side
and (b) grid-side

5. Conclusion

The step sequence for passive and active damping
methods that comply with the systematic design methodology
for the LCL filter in the grid-connected inverter is proposed
for a better design of the LCL filter for the inverter-grid
system. The LCL-type filter introduces stability; thus, passive
and active internal damping stability analyses have been
conducted to verify the suitable LCL filter’s parameter values
with minimum harmonics pollution. The passive damping
method offers robust system stability and has a direct
implementation. Even with these advantages, it still
experiences high damping losses along with power losses due
to the large resistance values. Therefore, active damping is
proposed for high-frequency attenuation as well as for
ensuring better stability of the overall system. Through
simulation results, active damping is a promising approach to
satisfy the LCL filter’s design requirement with its significant
feature of counteracting the high resonance peak. Adequate
controller gains can be determined accordingly (when
considering an incorporated controller loop). Further studies
could acknowledge the exceptional performances, especially
when considering the external line impedance at the grid-side
power converter, and will be discussed in the next paper.
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