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Abstract – This paper presents an analytical
methodology to design of LCL filters applied to grid-
tied power converters. In the proposed methodology it
is considered the THD of the injected current, power
factor at the point of connection, resonance frequency and
damping of the filter.
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I. INTRODUCTION

The study and design of passive filters for grid-tied power
converters are related with standards that define parameters of
power quality that the converter must comply. One important
parameter of power quality is the total harmonic distortion
(T HD). Several standards or grid codes define maximum
values for the total harmonic distortion of the voltage (T HDv)
and/or total harmonic distortion of current (T HDi) [1]. Grid-
tied power converters must comply with those standards or
grid codes.

Due the non-linear operation of power converters they
produce non-sinusoidal waveforms and harmonic distortions
[2]. Some topologies of passive filter are used at the output of
the inverter to reduce the harmonics [1].

The L (inductive), LC (inductive-capacitive) and LCL
(inductive-capacitive-inductive) filters are usually used in
applications with inverters. The choice of the most adequate
filter topology depends on the converter application. L and
LCL filters are generally used for current control and LC filters
are used for systems that demand good voltage regulation.

The L filter has an attenuation of -20 dB/dec after
the cutoff frequency and due to the simplicity of control
and implementation this filter is largely used in grid-tied
converters. Because of its attenuation of -20 dB/dec, the L
filter needs a high-frequency commutation to provide a good
attenuation to the harmonic distortions from the converter,
mainly for high impedance grid [1]. However, the high-
frequency commutation increases the switching losses for high
power converters [3]. In some cases the inductive filter can not
comply with the specifications of grid codes [4], [5].

The LC filter has an attenuation of -40 dB/dec after the
cutoff frequency. The LC filter is indicated for systems that
need a good voltage regulation under different loads [6],
[7], [8]. For grid-tied the use of LC filter increasing the
resonance frequency which can cause resonance problems
between inductor and capacitor [9].

The LCL filter is a low-pass filter of third order, composed
by two inductors and a capacitor. It has the attenuation of
-60 dB/dec. after the cutoff frequency. This filter provides
low current ripple at the grid side inductor and good harmonic
attenuation for small values of inductance and capacitance [5],
[10].

The use of this topology is indicated for grid-tied
power converter due to its good current harmonic distortion
attenuation rate [11]. Moreover, LCL filter offers good results
with high power converters, where the switching frequency is
limited due to commutation losses [1]. In comparison with
the L filter, the increase of reactive power consumption of the
LCL filter at the grid frequency is insignificant and may be
disregarded [11].

On the other hand, the LCL filter needs a more complex
current control strategy to keep the stability of system [12].
In addition, the impedance of the point of connection must be
considered. It can change the resonance frequency (ωres) of
the LCL filter [11].

Nevertheless, the LCL filter is widely used in grid-tied
converter and design methodologies are presented in many
papers as [10], [13], [14] and [15]. These procedures are
dependent on abacus, iterative procedure or do not provide
analytical methods to achieve design objectives such as
T HD of injected current, power factor, resonance frequency
or damping. Hence, this paper proposes an analytical
methodology for the LCL filter design. It uses as design
parameters the T HDi, power factor, resonance frequency and
filter damping ξ .

II. PROPOSED METHODOLOGY

The proposed method for the LCL filter design is based
on the transfer function of an equivalent circuit of the power
converter connected to the grid through LCL filter. This
method provides values for passive elements of a filter through
the solution of analytical equations. The designed filter must
ensure the specifications of design with T HDi and power
factor at the connection point, ωres and ξ .

The proposed method is based on the transfer function
of I2(s) (current of inductor L2) related to Upwm(s) (output
converter voltage) named Gv(s) and the transfer function of
I2(s) related to I1(s) (current of inductor L1) called Gi(s). The
equations are defined by the equivalent circuit presented in
Figure 1.
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Fig. 1. Equivalent single-phase circuit of grid-tied power converter
with LCL filter.

A. System modeling
In Figure 1, Upwm is the PWM voltage and Vg represents

the grid voltage. The output current of the filter I2 depends of
Upwm and Vg (grid voltage). Therefore, two transfer functions
can be obtained. Figure 2 (a) depicts the equivalent circuit
considering only the effects of Upwm. Figure 2 (b) shows the
equivalent circuit with the effects of Vg.
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(b) Circuit to obtain Gv2 (s)

Fig. 2. Circuits to obtain the transfer functions Gv(s).

Using the Figure 2, I2(s) relates with Upwm(s) and Vg(s) as
follows

I2(s) = Gv1(s) ·Upwm(s)−Gv2(s) ·Vg(s), (1)

where

Gv1 (s) =
I2(s)

Upwm(s)
=

sC f R f +1
s3L1L2C f + s2C f R f (L1 +L2)+ s(L1 +L2)

∣∣∣∣
Vg=0

, (2)

Gv2 (s) =
I2(s)
Vg(s)

=
s2L1C f + sC f R f +1

s3L1L2C f + s2C f R f (L1 +L2)+ s(L1 +L2)

∣∣∣∣
Upwm=0

. (3)

Supposing an ideal grid, it is only necessary to consider the
Equation (2) in the method that follows.

From (2),the module, the natural frequency ωn and the
damping ξ can be obtained

|I2(s)|
|Upwm(s)|

=

∣∣C f R f jωs +1
∣∣∣∣− jωs

3L1L2C f −ω2
s C f R f (L1 +L2)+ jωs(L1 +L2)

∣∣ , (4)

ωn =

√
L1 +L2

L1 ·L2 ·C f
, (5)

ξ =
R f (L1 +L2)

2 ·ωn ·L1 ·L2
. (6)

where ωs is the switching frequency in rad/s and the module
of is I2( jωs) = I2p ·T HDi.

For ξ = 0.707, using (7), ωres = ωn, and it simplifies the
analysis. Beyond (5), (6) and (7), it is possible to obtain (8)

ωres = ωn ·
√

1−2 ·ξ 2 (7)

ωres =

√
L1 +L2

L1 ·L2 ·C f
− 1

2
·
(

R f · (L1 +L2)

L1 ·L2

)2

, (8)

For a system without passive damping, R f = 0, ωres = ωn.
Thus, (5) can be used to determine the resonance frequency.

Another relations used in the methodology are obtained
from the equivalent circuits of Figure 3. This figure represents
a inverter with the converter side current controlled.
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(b) Circuit to obtain Gi2 (s)

Fig. 3. Circuits to obtain the transfer function Gi(s).

Using the Figure 3, the current I2(s) relates withI1(s) and
Vg(s) as follows

I2(s) = Gi1(s) · I1(s)−Gi2(s) ·Vg(s). (9)

where

Gi1(s) =
I2

I1
=

sC f R f +1
s2L2C f + s ·C f R f +1

∣∣∣∣
Vg=0

, (10)

Gi2(s) =
I2

Vg
=

sC f

s2L2C f + sC f R f +1

∣∣∣∣
I1=0

. (11)

Considering that I1( jω1) and Vg( jω1) are in phase, (12) can
be defined,

Ki =

∣∣∣∣Vg( jω1)

I1( jω1)

∣∣∣∣ , (12)

where ω1 is the grid frequency in rad/s.
Replacing (10), (11) and (12) in (9), the following transfer

function is obtained

I2(s)
I1(s)

=
sC f R f +1

s2L2C f + sC f R f +1
−

sC f

s2L2C f + sC f R f +1
Ki. (13)

To obtain the angle θ that determines the power factor at
the common connection point, in (13), it can be considered
that s = jω1. Therefore, (14) is obtained

θ = arctan
(
ω1C f (R f −Ki)

)
− arctan

(
ω1C f R f

1−ω2
1C f L2

)
, (14)

where ω is the grid angular frequency.
In (14), C f , R f e L2 are unknowns and an analytical solution

is not possible. But, considering a system without damping,
the value of R f is zero and (14) can be simplified by

C f =
tan(−θ)

ω1 ·Ki
, (15)

where the value of θ is determined by the desired power factor
at the common connection point.

B. Design Procedure
To apply the proposed method to design an LCL filter, the

maximum T HD of injected current, power factor at the point
of common connection, ωres and ξ must be defined. Based on
these parameters, the values of C f , L1, L2 and R f are defined.
In this case, R f is the passive damping resistor.



Initially, the value of the capacitor C f is defined from (15).
In this equation, θ is obtained from the desired power factor
at the connection point. To continue the design procedure, (7)
can be used to obtain ωn, so, with (6) and (8) and with the
module of (4) the values for L1 e L2 and R f can be obtained.

The module of (4) must be obtained by the relation between
the fundamental components of I2(t) and Upwm(t). The
fundamental components of I2(s) and Upwm(s) are obtained
considering the waveforms shown in Figure 4 and using
Fourier analysis. Since the current I2(t) is approximated to
a sinusoidal waveform, its peak value is considered in the
attenuation evaluation.
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Fig. 4. Input voltage and output current on LCL filter.

For the input voltage of the filter, the Fourier coefficients
are obtained through (16)

cvk =
1

T s

ton∫
0
(Vdc− vcp)e− j2πk fstdt+

+ 1
T s

T s∫
ton

−vcp · e− j2πk fstdt
. (16)

where Vcp is the peak of capacitor voltage.
Solving the integral of (16) for k = 1, the amplitude of the

fundamental component of the PWM is given by (17)

Upwm = 2 |cv1|=
Vdc

π

√
2−2cos(2πma). (17)

where ma =Vgp/Vdc is the modulation index.
With the value of the amplitude of the fundamental

components of I2(t) and Upwm(t), and using the module of (4)
in association with (6) and (8), L1, L2 and R f can be obtained.
These elements and C f provide an LCL filter that must ensure
the ωres, power factor, T HDi and ξ that were initially defined.

III. DESIGN EXAMPLE

The parameters of the design of the LCL filter that must
be attended are T HDi, power factor, ξ and ωres. The T HDi
comply with standard [16], thus, the maximum value is 5%.
The power factor must be between 0.92 and 1, inductive or
capacitive. For the control system, the ωres can be between
10 · fg ≤ fres ≤ 0.5 · fs. The damping factor ξ can be between
0.4 and 0.707 [17].

To illustrate the procedure of design of a LCL filter with the
proposed method, a single-phase full bridge power converter
is used, with space vector modulation, connected to a single-
phase grid of 127 Vrms, 60 Hz and a DC bus of 320 V .
The minimum injected power on the grid is 2 kVA with

power factor of 0.99, switching frequency of 6 kHz, resonance
frequency of 2.5 kHz, damping coefficient of 0.707 and
T HDi = 5%.

The fist dimensioned element, using (15), is the capacitor
C f , where I1 = 15.75Arms, Vg = 127Vrms, ω1 = 2 ·π ·60 (rad/s)
and θ = cos−1(0.99). Following the procedure, for ξ = 0.707
in (7), the value on ωn can be obtained. In this case, the
values of ωres and ωn are equal. Therefore, the defined value
of resonance frequency can be used as (5).

To obtain the module of (4) it is necessary to find the values
of current I2(t) and the voltage Upwm(t). The value of the I2(t)
is obtained with the sinusoidal waveform of the Figure 4 and
it is 1.14 A. For the Upwm(t), using (17), the obtained value is
200 V .

With these values and manipulating the equations, the
obtained values are C f = 46 µF , L1 = 600 µH, L2 = 100 µH
and R f = 1.9 Ω.The Bode Diagrams for the LCL design with
R f = 0 and R f = 1.9 is shown in Figure 5 and presents the
damping influence.
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Fig. 5. Bode Diagram for Gv1 (s) for an undamped and a damped filter.

Through the Figure 5 it can be verified that the resonance
peak, for R f = 0, occurs near to 2.4 kHz, i.e., 100 Hz below
the value defined in the design. When R f ∼= 0 there is a zero
that changes the attenuation from -60 db/dec to -40 db/dec.

IV. Simulation Results

To verify the behavior of the designed LCL filter, the
connection to the grid is simulated using the parameters
defined previously. A synchronous frame proportional-
integral controller was used to control the system. The current
in the inductor L1 is used in the feedback of the current control
loop.

To verify the behavior, the designed filter was simulated
using the software PSIM. The simulation was carried with the
inverter connected to an ideal single phase grid, changing the
reference of the controlled current. In this section the results of
the inductors currents and the power factor at the connection
point are graphically presented. In the tables, the numerical
values of the currents I2 and I2 in pu, the T HD of current and
the power factor at the connection point are also presented.

In Figure 6, the currents I1 and I2 in the designed inductors



L1 and L2, respectively, are shown. The attenuation of the
high-frequency current oscillations can be observed. In Figure
7, the current I2 in the inductor L2 and the voltage of the point
of common coupling (Vccp) are shown. It can be seen that
these two waveforms are slightly out of phase at the PCC. It is
due the fact that the controlled current is I1.

Between 50 ms and 100 ms, the power injected in the grid
is 1/3 pu. Between 100 ms and 150 ms this power is increased
to 2/3 pu. From 150 ms to 200 ms the injected power is 1 pu.
Between 200 ms and 250 ms the power injected in the grid is
4/3 pu.

It is important to notice that when the power is less than 1
pu the filter does not comply with the specification. It makes
sense since it is design for a minimum power injected in the
grid. Power above 1 pu reduces the T HDi and increases the
power factor. The results obtained in the simulation with three
level modulation are presented in Table I, where the power
base is 2 kVA and the current base is 15.75 Arms.
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Fig. 6. Currents in the LCL filter inductors.
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Fig. 7. Current and voltage at the point of common coupling.

TABLE I
Simulation results for the LCL filter.

Pinv(pu) 1/3 2/3 1 4/3
I1rms (pu) 0.37 0.68 1.01 1.35
I2rms (pu) 0.35 0.67 1.00 1,34

THDi1(%) 51.8 25.4 16.8 12.6
THDi2(%) 12.4 6,41 4.29 3.21

PFpcc 0.88 0.97 0.98 0.99

From the simulation results, it can be observed that the
filter designed for ξ = 0,707 was capable to attenuate the
high-frequency current content caused by the switching of the
converter. Therefore, the DHTi injected in the grid remained
below the maximum value of 5% that was stipulated in the
design.

The power factor presented a result very close to the
stipulated value, once that in the design the objective was 0.99
and it was obtained 0.98.

V. Conclusion

In this work an LCL filter design methodology for grid-tied
power converters was presented. The method aims to ensure
that the T HD of the injected current, the power factor in the
connection point, the resonance frequency and the damping
coefficient be satisfied in relation to the design parameters.

Once the inductance, resistance and capacitance are
calculated, the operation of a single-phase with LCL filter
was simulated to verify the filter efficiency. From the
simulation obtained results it is possible to see that the
proposed methodology is capable to provide a filter that can
assure the design specifications.
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