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1. INTRODUCTION

In recent decades, the demand for energy has escalated exponentially driven by the growing
population and increasing wealth across the globe. Hence, green energy harvested from an inexhaustible
source such as solar, wind, and tide have attracted enormous attention [1], [2]. Since the distributed power
generation systems became mainstream, grid-connected microinverters turned to be a research hotspot. In
most cases, the grid-connected microinverter is controlled by a pulse width modulation (PWM) switching
technique which generates harmonics and requires a low pass filter to eliminate the unwanted high-frequency
signals from getting through into the distribution system. Numerous approaches of low pass filters have been
proposed and implemented such as L-, LC-, and LCL-filter. Among these topologies, the LCL- type has
shown tremendous attenuation of harmonic suppression compared to others[3]. Unfortunately, the physical
filter, as shown in Figure 1, is impossible to be constructed using the theoretically calculated values.
Therefore, several parameters have to be reconsidered, especially in regards to the inductance and
capacitance value that vary due to numerous factors such as components aging.
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Figure 1: LCL filter (a) without damping resistor and (b) with a damping resistor

Since the grid side inductor L, of a filter is connected in series to the grid, the inductive impedance
of a long grid cable and low power transformers may have influenced parameter variation in L,. Additionally,
the inductance may also be varied with its rate values up to 75% due to the core’s magnetic permeability on a
current flowing in the network [4]. The capacitance tolerance is in the range of £5% to +20%, depending on
their dielectric properties. These variations cause resonance frequency shifting and subsequently resulting in
instability to the control system and the filter behavior. A great number of works have been carried out to
deal with the resonance and instability such as the passive damping approach [5]-[7], active damping method
[8]-[10], and even dampingless method [4], [11] to achieve the stability criterion based on various types of
control techniques. Nonetheless, there is very limited literature that elaborates a clear step-by-step guide to
choose appropriate passive element values for the filter, especially of the open-loop type. This paper presents
the stepwise design procedure of an open-loop LCL filter for a grid-tied microinverter [12], [13]. The
proposed design steps are based on the current ripple minimization approach. It is extremely important to
regulate the output current and voltage with the ripple value as minimum as possible which complies with the
value set by the standards [14], [15]. In a nutshell, this paper contributes to a simple and organized step of
designing the LCL filter. Only the essential mathematical equation for the initial theoretical calculation with
numerical design examples are presented. The equations and the usage are stated in the design flowchart. An
improvised design flow with an additional resonance check-loop and parameter compliance test is proposed
in this paper. The key parameters obtained from the theoretical calculation and parameter compliance test
were simulated in the Simulink platform and the results are discussed.

The paper is organized as follows; the filter’s essential parameters used in the design are described
and presented in Section 2, together with the corresponding mathematical equations. The design flow/steps,
numerical design example, and value selection rationality are vividly explained in Section 3. Subsequently,
simulation results are extensively discussed in Section 4, including the effect on parameter variation to
emulate real scenario conditions. Finally, a conclusion is provided at the end of the article.

2. THEFILTER DESIGN
2.1. Current ripple

The high-frequency current ripple attenuation of the filter is primarily influenced by the LC part.
The inductance plays a significant role in controlling the current ripple and suppresses the low-frequency
harmonics spectrum [5], [16]. As such, the inductor has to be properly designed by considering the allowable
current ripple tolerance. The peak-to-peak current ripple of one particular filter for the unipolar PWM
inverter can be calculated based on Equation (1). The magnitude distribution is illustrated in Figure 2
wherein the value is varied depending on the current phase and the modulation index.

Vi
2Lfsw

Aiy,(wt) = (1 — m, sin wt)m, sin wt 1)

with V;j is the input DC voltage, L is the inductance, fs is the switching frequency, and my is the modulation
index. The maximum fluctuation, 8.1, of the L1 current appears when sinw.t = 1/(2m), and defined as

V.
Bl = ,
8L1fsw

@
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Figure 2: Current ripple magnitude distribution

where L; is the inverter’s grid side inductance, |1 is the rated current, and S is the inductor current ripple
coefficient which is defined as Irpmax/l1. Typically, Bc is set in the range of 5% to 30% [5], [17]-[20] and with
some parameters substitution, the inductor maximum current ripple is expressed as:

= Vi ®)

I
rpmax 8L, fSW

Although the main objective is to produce a smaller ripple current, a smaller ripple current will lead to slower
power device switching during conduction. Subsequently, it would increase the inductor size and generate
higher core losses [21]. These are the challenges and trades off to be decided upon designing the filter.

2.2. Inverter Side Inductance

The inductance of the LCL filter is crucial and imposes a significant impact on the harmonic
suppression and current ripple control. It limits the current ripple produced by the inverter switching. At a
particular switching frequency, the voltage-current ratio is traceable only by the inverter inductance. During
switching time Tsw, the inverter average voltage is considered constant whenever the fundamental frequency
is way too small compared to the switching frequency. The minimum inverter side inductance value is
obtained from (1), (2), and (3) using a simple mathematical manipulation with an assumption that the grid
system is stiff and has a unity power factor,

_ ViTsw
Ll_min Y (4)
rpmax

2.3. Capacitor

The harmonics which can negatively affect the system can be suppressed using a capacitor at the
grid section of the LCL filter. However, from a control system point of view, the capacitor provides a
different behavioral influence depending on where the voltage and current are being measured [6], [22]-[24].
Here, during the design process, the capacitor’s voltage is measured and the grid current is controlled as
illustrated in Figure 3. The selection is made by the fact that the filter is integrated into the inverter system
with dedicated current/voltage sensors and the control strategy that is used for the flyback-based converter.
The maximum capacitance value can be calculated using Equation (5) below;

Cf max — Lo (5)

“’oVuz

where V, is the rated output voltage, P, is the rated power in total, and w, is a grid angular frequency. While,
a. is the power ratio and aP, is a quantity of reactive power absorbed by the filter which is typically less than
5% [5], [11], [18]. Equation (5), it can be seen that the reactive power absorption is directly proportional to
the capacitance value, which means that the higher the capacitance, the more power is absorbed by the
capacitor. This leads to a higher current demand from the inductor and switches causing a higher current
ripple and lower filtering efficiency. Nevertheless, the value of the capacitor must not be too low as it will
increase inductor size and increase the voltage drop across the inverter side inductor.
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Figure 3: Voltage and current measurement at LCL filter of a microinverter
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2.4. Grid Side Inductance

The grid inductance affects the overall performance and effectiveness of the grid-side inductance of
the LCL filter. In most literature, the grid inductance factor is omitted from the transfer function and the
resonance frequency derivation. This omission is acceptable in stiff grid circumstances, however, the grid
inductance is always finite in distribution grids as reported in IEC 60725:2012 [4], [9], [25], [26]. A typical
variation value of grid inductance is in the range of £20% [10], [14]. The grid inductance variation changes
the resonance frequency. Having this in mind, the grid-side inductor L, has to be designed in such a way for
the filter to be able to absorb any changes at grid-inductance value. The resonance frequency, w,..s, of the
filter by taking into account the grid inductance variation is defined in Equation (6) below;

_ { Li+Ly+Lg
Wres = Ly(La+Lg)Cr (6)
The resonance frequency, w,., is directly related to the inductance ratio, r, which is dependent on

the voltage and current sensor position at the filter. According to the position of the sensors as indicated in
Figure 3, the resonance frequency, w,., is given in Equation (7);

Zp |1+r

Wres = Z > )

where Z, is the base impedance defined as V,2/P,. To simplify the L, design, only stiff grid condition is
considered, ignoring the grid inductance variation. Therefore, the angular resonance frequency, w,.s, of the
LCL filter is finally expressed as;

Li+Lyp

Wres = ®)

L1LCyr

With the presence of a filter capacitor in the filter network, the grid-side inductance L, can be
expressed with respect to the inductance ratio, r;

Ly =1Ly ©)
The relationship between the resonance frequency and the inductance ratio r is illustrated in Figure 4. The
resonance frequency of the LCL filter must comply with the following constraint where it should be in the
range between ten times of grid frequency and half of the switching frequency [1], [3], [5], [6], [11], [27],
[28].

10f, < fres < 0.5f5 (10)
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Figure 4: Resonance frequency, w,..s, and inductance ratio, r, relationship generated from Equation (8)
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Figure 5: The impact of a dampening resistor, Ry, on the stability of a system

2.5. Damping

The LCL filter will generate a resonance frequency that causes instability to the overall system. The
effectiveness of the attenuation introduced by the LCL filter will be achieved only if damping is properly
implemented in the filter. Otherwise, an even higher current ripple will be introduced. This is a common
issue reported in various literatures accompanied with the damping techniques used to rectify the problem
[31, [5], [7], [10], [16], [22], [29], [30]. A passive damping method is chosen as it is widely adopted due to its
ease of implementation. The method requires adding a resistor in series with the filter capacitance. Attention
should be given to the resonance frequency, w,..s, and sampling frequency to avoid high losses. Figure 5
illustrates the effect of various damping resistors values on the stability of the system given by the open-loop
transfer function [31]. A higher damping resistor value yields a more stable system but one that suffers from
higher losses. Therefore, an optimized damping resistor value must be considered to keep the balance
between the system’s stability and the losses reduction. Generally, the damping resistor of the LCL filter is
calculated by using the following equation which is one-third of the impedance of the filter capacitor [5].

1

Rd ~ 3wresCy (ll)

3. DESIGN PROCEDURE AND EXAMPLE
The LCL filter design procedure is described according to the proposed design steps summarized in
Figure 6:
i The initial parameters of the system such as the rated power (P), output voltage (v,), DC-link
voltage (vi), system frequency (fg), switching frequency (fw) are first to be defined. Table 1
summarizes the value of the variable of the system for the proposed design step.
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Vi.

Vii.

For a wide ripple margin in the preliminary design calculation, the inductor current ripple
coefficient, S is selected as 30% and thus, gives the minimum inverter-side inductance Limin = 1.68
mH. This is obtained using Equation (4). Finally, the nearest possible value L; = 1.7 mH is selected.

The adopted power ratio,a = 3%, the anticipated quantity of reactive power absorbed by the filter is
approximately 60 VAR. Substitution of the parameters' values to Equation (5) yields the maximum
filter capacitance value, Cimax = 3.95 UF. Therefore, C; = 3 pF is chosen considering the nearest off-
the-shelf value and close to the maximum value as possible to ensure the small size of filter
inductors.

The value of the inductance ratio, r, is selected to comply with the resonance frequency condition.
As for the economical point of view meant for future hardware development, r = 1 is chosen at
initial fres = 3.2 kHz. Therefore, L, is set to be equal to Ly = 1.7 mH.

Using Equation (8), the resonance frequency is once more verified using selected values in steps ii,
iii, and iv to guarantee all chosen passive components parameters are complying with (10) since the
values are slightly different from the preliminary calculation.

Finally, the damping resistor is obtained from Equation (11) which is one-third of the impedance of
the filter capacitor, yields R4=5 Q.

In a real case scenario, a variation compliance test is required to be performed to validate the
performance and stability against the parameter variation that might occur. Minimum six test
conditions are proposed for the test. Further elaboration is discussed in the later section.

Table 1. System parameters Table 2. Calculated filter parameters
Parameter Symbol  Value  Unit Parameter Symbol  Value  Unit
Rated output Power P 2 kw Inverter Side Inductance Ly 1.7 mH
Grid voltage Vo 220 \Y Grid Side Inductance L, 1.7 mH
DC-Link voltage Vi 350 \% Capacitor Cs 3 uF
Grid frequency fy 50 Hz Damping Resistor Ry 5 Q
Switching frequency fow 10 kHz Inductance ratio r 1

Resonance Frequency Fres 3.2 kHz

Param eler luning

L— — — —

Figure 6: Flowchart of LCL parameter filter design
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4. SIMULATION

Simulation of the designed LCL filter is applied to a single-phase grid-connected flyback
microinverter was conducted in Matlab/Simulink software based on the circuit shown in Figure 3. The
objective is to verify the proposed calculated passive elements value for the filter and analyze the filter
behavior with key component parameters variation. The specification of the designed filter and system are
summarized in Table 1 and Table 2. The Bode plot of the designed filter transfer function is plotted in Figure
7. From Figure 7, the system can be seen as stable with 90 degrees and 26.8 dB of phase margin and gain
margin, respectively.
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Figure 7: Bode plot of the designed LCL filter based on a parameter in Table 2

The simulation result of the designed filter is shown in Figure 8. Figure 8(a) shows the inverter
output voltage and its frequency spectrum upon entering the LCL filter. Figure 8(b) and (c) show the current
signal and frequency spectrums for the inverter side inductor and grid side inductor, respectively. The
maximum current ripple recorded at the inverter side, i1 is 2A and the RMS value of the rated current is
16.6A resulting in the maximum current ripple to rated current ratio equal to 12%. As depicted in Figure
8(b), the dominant harmonic magnitudes of current i1 appear at 20 kHz and 40 kHz which are 1.8% and
0.4% of the fundamental harmonic, respectively, generated from the switching devices. Through the filter,
the dominant current harmonic spectrums are successfully suppressed at i.» as shown in Figure 8(c).

In Figure 9(a), the resonance frequency appears at 63 harmonic order which is 3.2 kHz as per the
initial theoretical calculation. The simulation reveals that the dominant resonance spectrum is 14.74% from
its fundamental component and produced THD at 15.2% at the output filter point. Eventually, with the
implementation of a damping resistor connected in series with a filter capacitor, the resonance frequency
generated from the passive element component at the 63 harmonic is successfully suppressed to 0.14% with
respect to its fundamental component. The significant result can be seen from the plotted frequency spectrum
in Figure 9(b).

Impact on parameter variation

Due to the factors discussed earlier, it is difficult to build a physical filter that precisely fits the
theoretical design. These aspects must be taken into account during the design process. An inductance
variation in a grid-tied filter could stem from several factors that could be caused by material properties such
as core permeability coefficient and manufacturing tolerance. It could also be the result of an inconsistent
grid inductance connected in series with L,. The capacitance variation in the capacitor due to the
manufacturer's tolerance or the aging could also be a contributing factor. Therefore, a simulation on the
robustness against the variation is performed to emulate the real case scenario. Six conditions of parameter
variations are considered with the assumption that the event happens one at a time

e 30% increment in Ly inductance value.
30% decrement in L; inductance value.
30% increment in L inductance value.
30% decrement in L, inductance value.
20% increment in C; capacitance value.
20% decrement in C; capacitance value.
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The inductance variation in this paper is set to be 10% higher compared to other literature [1], [10],
[14] to secure a higher system stability margin. The 20% variation of capacitance is adopted based on the
maximum tolerance set by most manufacturers.
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Figure 8: Simulation result of LCL filter (a) inverter voltage (b) inverter side inductor i ; current, and (c) grid
side inductor i , current
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The simulation result for the first condition is shown in Figure 10(a). The filter showed excellent
stability and the ability to absorb the 30% increment of L;. The bode plot shows the gain margin is at 26.9 dB
while the phase margin is at 90 degrees with a slight shift at the system response. Furthermore, the THD
value resulted from the event is 3.76%. On the other hand, in the second condition, the decrement of L; by
30% causes the THD to increase and slightly above the standard threshold limit to 5.01% as shown in Figure
10(b). However, the system remains stable with a larger gain margin, and with a positive shift from 26.8 dB
to 27.3 dB.

The response from the third condition is shown in Figure 11(a). The rise of L, by 30% still holds the
system at a stable state with 26.9 dB and 90 degrees gain and phase margin, respectively. The THD value
obtained is 3.75%, which is below the standard threshold limit. In contrast, the fourth condition shows when
L, decreases, THD increases 0.02% higher than the standard threshold limit to 5.02%, as shown in Figure
11(b). However, the system stability is maintained at a value 27.3 dB gain margin and 90 degrees phase
margin.

The effect of the filter capacitor variation is illustrated in Figure 12. Figure 12(a) shows the bode
plot and frequency spectrum harmonics for the fifth condition. THD value due to the 20% capacitance rise is
measured at 4.29% and the recorded stability margin is 27 dB and 90 degrees for the gain and phase,
respectively. Similar results were observed in the sixth condition when the capacitance is decreased. The
simulation result is illustrated in Figure 12(b). The THD is measured at 4.28% and the system stability
remained at a 26.9 dB gain margin and 90 degrees phase margin.

Numerical results from parameter variation test simulation as depicted in Figure 10 — Figure 12
under several different cases are summarized in Table 3.

Table 3. The stability margin and THD of the filter with component variations

Initial L, increase L, decrease L, increase L, decrease Ctincrease Ci decrease
component 30% 30% 30% 30% 20% 20%
value
Phase Margin 90 90 90 90 90 90 90
(deg)
Gain  Margin 26.8 26.9 27.3 26.9 27.3 27 26.9
(dB)
THD (%) 4.28 3.76 5.01 3.75 5.02 4.29 4.28
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Figure 10: Frequency spectrum of output filter current and filter bode plot for (a) inductance L; increased by
30% and (b) inductance L, decreased by 30%
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5. CONCLUSION

This paper has proposed a step-by-step design guideline for the LCL filter used in the grid-
connected application, such as flyback microinverter. The LCL filter was designed based on several key
aspects to maintain the filter’s stability and effectiveness such as maximum current ripple, inductance ratio,
and resonance frequency damping. Extensive simulation work was done to validate the theoretical calculation
design via Matlab/Simulink. In addition, a detailed analysis on the passive elements’ parameter variation is
provided in this paper to exhibit its influence on the filter characteristic and performance i.e. stability margin
and total harmonic distortion. The proposed design steps produced a filter that remains stable and the THD
value is within the international standards (i.e. IEEE1547.1, IEC 60725) despite some parameter variation.
However, the analysis reveals that when r is unity, inductor selection must be critically designed because
THD value will increase as inductance decrease and it could be worsening if inductance drops beyond 30%
of its designated value.
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