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Abstract

The utilization of Power Converters
for the purpose of integrating renewable
power sources with the alternating current
(AC) grid has experienced a notable rise over
the past twenty years. An LCL filter is
commonly employed for the purpose of
connecting Power Converters to the utility
grid, with the intention of mitigating the
presence of high order harmonics generated
by the Converter. In order to attain the
desired level of filtering performance that
adheres to the strict grid code requirement
while  also  considering cost and
effectiveness, it is necessary to implement an
optimized design for the LCL filter. This
document introduces a study on the
modelling and design methodology of an
LCL  filter  for  grid-interconnected
converters, employing an  analytical
approach. The simulation results demonstrate
that by employing this design methodology,
there is a reduction of 98.51% in the current
harmonics observed at the output of the
converter. The LCL filter is a component
used in power converters to reduce the Total
Harmonic Distortion (THD) of the output
waveform. It achieves this by providing
passive damping.
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. OVERVIEW

The utilisation of Power Converters for grid interconnection has been experiencing
growth in various applications, including power quality, regenerative motor drive, and
distributed generation (DG) (John et al., 2009). Different types of distributed generation
systems, such as photo-voltaic (PV) and fuel cells, generate electrical energy in the form of
direct current (DC) voltage sources. Additionally, wind energy generation typically involves
the production of alternating current (AC), which is often subsequently converted to direct
current (DC). Therefore, when connected to a direct current to alternating current inverter,
these distributed generation systems have the capability to provide electrical energy to the
utility grid. Nevertheless, the power electronic devices employed in voltage source inverters
(VSI) introduce unwanted harmonics that impact the adjacent loads at the point of common
coupling (PCC) with the utility grid, thereby violating the standard norms for grid
interconnection.

Therefore, in order to connect these voltage source inverters (VSI) to the utility grid,
it is often necessary to incorporate a filter that can effectively mitigate the presence of
harmonics in the output current, ensuring that they are within acceptable limits (Sarkar,
2015). The LCL-filter is considered to be one of the most efficient filters for voltage source
inverters (VSI) that are connected to the grid (Jayalath and Hanif, 2017b). The design of
filters utilized in grid-connected inverter applications encompasses a multitude of constraints.
The filter requirements are determined by the precise tolerances set by standards such as
IEEE 519-1992, which provides recommended practices and requirements for controlling
harmonics in electrical power systems. Other standards, such as IEEE 1547.2-2008, offer
guidance on applying the IEEE standard for interconnecting distributed resources with
electric power systems. These standards, along with considerations for reactive power
compensation limits and the maximum allowable voltage drop across the filter, help to
restrict switching losses. (John et al., 2009; IEEE Standard 519 — 1992 1993; IEEE Standard
1547.1 — 2005 2005; Jayalath and Hanif, 2017b). The utilization of higher order LCL filters is
necessary in order to meet the regulatory standards in a compact and lightweight manner
(John et al., 2009). The iterative process is necessary for designing the parameters of the LCL
filter, including the inductors and capacitors on both the grid-side and inverter-side. This is
because there is a correlation between the filter parameters and the specific design
requirements, as discussed by Jayalath and Hanif in their 2017a study. The primary aim of
this paper is to present design methodologies for higher order LCL filters and offer guidance
on achieving optimized filter design.

Superiority of a High-Order Filter compared to a First-Order Filter: The first-order L
filter, although straightforward, is characterised by its large size and inability to meet the
rigorous requirements for harmonic attenuation as outlined in the study by Channegowda et
al. (2010). The utilisation of a third order LCL filter has become prevalent in order to achieve
increased attenuation, as demonstrated by Karshenas and Saghafi in 2006. This approach also
allows for significant reductions in the size and cost of the components, as highlighted by
Liserre et al. in 2005 and Channegowda et al. in 2010. However, the systematic design of an
LCL filter is a challenging task (Jayalath and Hanif, 2017a). Several crucial factors, such as
output current ripple, current harmonics generated by insulated gate bipolar transistor (IGBT)
switches, series fundamental drop, desired power factor, resonance frequency, and control
stability, must be carefully taken into account (Liserre et al., 2005; Channegowda et al.,
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2010). Furthermore, it is imperative to consider the aggregate dimensions and financial
implications of the constituent elements when choosing different parameters for an optimal
design. Figure 1 provides a comparative analysis of a first-order (L) filter and a third-order
(LCL) filter. The data demonstrates that a third-order filter exhibits enhanced performance in
suppressing higher harmonic frequencies. Consequently, it can be specifically engineered to
fulfil the rigorous requirements for harmonic attenuation. This phenomenon occurs due to the
fact that, for an equivalent or lower net inductance (L1+L2), a third-order filter exhibits
superior attenuation (60dB/decade) at frequencies beyond the resonance frequency.

Comparigon of Harmonic Attenuation of LCL and L Filters
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Figure 1: Comparative Analysis of Harmonic Attenuation between LCL and L Filters

Il. ANALYSIS OF HARMONIC CHARACTERISTICS IN PHOTOVOLTAIC
INVERTER SYSTEM

The determination of the level and sequence of harmonics in the output of a VVoltage
Source Inverter (VSI) is performed. Characterization is performed in order to determine the
extent of harmonics present in the output of a VVoltage Source Inverter (VSI).

In this scenario, the Voltage Source Inverter (VSI) was integrated into a Simulink
interface, allowing for the examination of the VSI's output in relation to the harmonic
composition and distortion present in the current waveform. Figure 2 depicts the Simulink
model utilised for the characterization process.
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Figure 2 Display the Simulink model utilized for the purpose of characterizing
Harmonics in a Photovoltaic (PV) Inverter System

1. Modelling and Design of LCL Filter: This section focuses on the process of creating a
mathematical model and designing an LCL filter. The transfer function model of the LCL
filter is derived and the model parameters are obtained using a well-defined design
procedure. The process of modelling and designing the LCL filter involves determining
the specific parameter values for the filter. The LCL filter is employed to alleviate higher
order harmonics that are present at the output of the Voltage Source Inverter (VSI). A
mathematical model is formulated utilising the power circuit of a three-phase grid-
connected Voltage Source Inverter (VSI) with an LCL (Inductor-Capacitor-Inductor)
filter. The three-phase power circuit is converted into a simplified single-phase equivalent
circuit. The transfer function of the LCL filter is then determined using the parameters of
the circuit.

Mathematical model for the LCL Filter: Figure 3 illustrates the power circuit
configuration of a three-phase grid-connected power converter. As illustrated in the
diagram and in the Single Phase equivalent circuit shown in Figure 4, the LCL filter
serves as an intermediary component between the grid and the power converter. Vg
represents the voltage across the grid. L1 and L2 are the inductors on the converter side
and grid side, respectively, of the LCL filter. The term "C" is an abbreviation for the LCL
filter capacitor, which is used in the context of electrical circuits. Similarly, "RD" stands
for the damping resistor, which serves a specific purpose in the circuit. VDC refers to the
direct current (DC) bus voltage.
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Figure 3 illustrates the power circuit diagram of a three-phase grid-connected
inverter equipped with an LCL filter.
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Figure 4 illustrates the single-phase equivalent circuit.

In the LCL filter model, it is assumed that;
At frequencies that are not the fundamental frequency, the grid exhibits
characteristics similar to a short circuit. The value of the variable "Vg" is equal to zero.

The transfer function for the LCL filter is a crucial component.

iy Filter output current

H=— 2.1
Vin input voltage 21)

Hence, H can be defined as the transfer function of admittance. In the complex S
domain, the following equation holds true:

I,(s)
Vin ()

H(s) = (2.2)
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By utilising Kirchhoff's laws, the circuit depicted in Figure 4 can be represented
as an equivalent circuit. The mathematical representation of the filter in the s-plane can be
expressed through the following equations:

Iy =1 —1, =0 (2.3)

Vin - Vc = Iin (SLl + Rl) (24)

V. —V, = I,(sLy + R;) (2.5)
1

V=1, <§+RD) (2.6)

The circuit parameters are formally specified as;

Vin Inverter Voltage

lin Inverter Current

Ve Voltage across Filter Capacitor
I Filter Capacitor Current

Iy Grid Current

L, Inverter side inductor

L, Grid side inductor

C Capacitor

Rp Damping Resistor

Vg Grid voltage

R Inverter Side Parasitic Resistance
R» Grid Side Parasitic Resistance

The grid side parasitic resistance refers to the resistance that is present in the
electrical grid system. It is a measure of the opposition to the flow of electric current in
the grid, caused by various factors such as

an -|;®— I-"'C +@— Vg
1 1 + R 71
sLy + R, sC D sLy; + R
I, I, I,
-
Figure 5

Figure 5 depicts the block diagram of the LCL Filter in the frequency domain.
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It is important to note that when considering frequencies other than the
fundamental frequency, the voltage gain (\Vg) is equal to zero.

Substituting Vg = 0 into equation 2.5 yields:
V. =I,(sL, + Ry) (2.7)

Performing the mathematical operation of equating the numerical values 2.6 and 2.7
results in;

1
Ig (SLZ + Rz) = IC (E + RD) (28)

The value of 0 in equation 3.5 corresponds to the mental component in the frequency
domain.

L s®CL, + sCR, 29
€9\ sCRp+1 29

Based on the mathematical expression denoted as equation 2.3,
Im = 1. +1, (2.10)

Substituting equation 2.9 into equation 2.10 yields:

P s?CL, + sCR, )11
m = P9\ sCRp+1 211
Additionally, based on equation 2.4,
Vin = VC + Iin (SLl + Rl) (212)
By substituting equations 2.7 and 2.11 into equation 2.12, we obtain:
2
S CLZ + SCRZ
Vin = Ig(SLZ + RZ) + (SLl + Rl) Ig + Ig W (213)
(sLy + Ry)(s%*CL, + sCR,)
Vin = Ig l(SLl + Rl) + (SLZ + Rz) + SCRD 11 (214)
[ SSCLlLZ + SZC(Ll(RZ + RD) + Lz(R1 + RD)) + ]
s(Ly+L, + C(R{R, + Ri{Rp + R,R +R{+R
V., =Ig ( 1 2 (R1R; 155p 2 D)) 1 2 (2.15)
SCRD +1
Hence, the transfer function as per equation 2.2 can be expressed as:
SCRD +1
Hdc (s) = (2.16)

S?)CLlLZ + SZC(Ll(RZ + RD) + LZ(Rl + RD)) +
s(Ly + Ly + C(RiRy + RiRp + RyRp)) + Ry + R,
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In the absence of the damping resistance RD, equation 2.16 is modified as follows:

1
HieL(S) = 3L L 520k, T LRD + (217)

s(Ly + Ly + C(RiRy)) + Ry + R,

Figure 6 depicts the Bode plots of the LCL filter, both with and without damping.
By introducing a resistor in series with the capacitor, the amplification spike is mitigated,
resulting in a more even response and a roll-off of -180 degrees at high frequencies, as
opposed to -270 degrees. The LCL filter exhibits excellent high-frequency performance,
demonstrating an attenuation rate of -60 dB per decade.

Bode plot for damped and undamped LCL filters
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Figure 6 displays the Bode plot illustrating the frequency response characteristics
of both damped and undamped LCL filters.

2. Low-Current Limit (LCL) Filter Design Procedure: The LCL filter design
methodology is focused on meeting grid code requirements by effectively reducing the
amplitude of high order current harmonic components on the grid side. The nominal
system parameters that are required are as follows. Table 1 presents the nominal system
parameters employed in the design process.

Fundamental values:

Base voltage = V; = E, = V3 x V, = V3 x 240 = 415V
E,” 415
P, 100000
Base angular frequency = 0y = 21ng = 2n X 50 = 314.2 rads

Base Impedance = Zp = = 1.7223Q
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1 1

Base Capacitance = C = = = 1847.93uF
A8E LAPACANeE = 8 = eZs 3142 X 1.7223 H
Base Inductance = Ly = Lp 17223 5.482mH
P o, 3142 7

The expression of any quantity divided by its base value is denoted in per unit
(p.u.) notation. In terms of a standardised unit of measurement.

Key Performance Indicators:
The split factor refers to the ratio between the inductances of the LCL filter.

_l (2.18)

r, =
Ly

The ratio between the low-pass filter capacitance (LCL) and the total inductance,
expressed in per unit (p.u.), is being requested.

_C_ZBZC
q_lT_ LT

. (2.19)

The ratio between the switching frequency and resonance frequency
f ®
rp=——=—" (2.20)

fres 0‘)7‘95

e Design Criteria for LCL Filters: The subsequent factors are crucial design criteria
for the LCL filter.

» Achievement of reactive volt-ampere (VAR) limits with power factor approaching
unity.

» The objective is to determine the optimal volume and weight that will result in the
minimum cost of passive components, specifically inductive and capacitive
components.

» The output current is designed to have a total harmonic distortion (THD) of less
than or equal to 0.03, resulting in the reduction of higher order harmonics.

» The selection of an appropriate resonance frequency is crucial in order to
effectively reduce the switching harmonics and prevent the filter components from
becoming excessively large (Sarkar, 2015; Karshenas and Saghafi, 2006; Ben
Said-Romdhane et al., 2017).

e Design of Inductance on the Inverter Side: In the initial stage, it is necessary to
undertake the design of the inductance on the inverter side. In order to accomplish this
task, we have chosen to adopt the approach proposed by Reznik et al. (2013).

In this context, we are examining the maximum current ripple that exists at the output
of an inverter, as denoted by the following equation:

2Vpe
Alppax = 3_141(1 - m)stw (221)
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Where m represents the modulation index and Ty, = fi

sw

However, the maximum peak-to-peak current ripple is observed when the modulation
index (m) is equal to 0.5. Therefore, equation 2.21 is transformed into:
VDC
Al = — 2.22
Lmax 6fsw Ll ( )
Given the design parameters, equation 2.21 can be expressed to account for a 10%
ripple of the rated current.

Alpmay = 0.10ngy (2.23)
where.
V2P,
= — 2.24
Vb
Li=—F"— 2.25)
! 6fSWAILmax (

Based on equation 2.25, it can be inferred that;
800

L, = = 0.424mH
1T 5 X 16000 x 19.642 _ O-4%4m

e Determination of the Maximum Value of the LCL Filter Capacitor: Decreasing
the value of the filter capacitor C will mitigate the passage of excessive reactive
currents, thereby minimising unnecessary current flow. It is well-established that the
transmission of reactive power is intricately linked to the maintenance of voltage
stability. Hence, an increased value of capacitance (C) can potentially lead to voltage
instability issues within the electrical grid. In this scenario, the LCL filter capacitor C
is configured to ensure that its reactive power consumption is below n% of the rated
power Pn, as depicted in Equation (3.26a) (Ben Said-Romdhane et al., 2017). In the
given equation, Qc represents the reactive power absorbed by the filter capacitor. The
variable n is a positive factor that is typically selected to be equal to or less than 5%
(Sarkar, 2015; Ben Said-Romdhane et al., 2017). As per Equations (2.26a) and
(2.26b), the upper limit of the filter capacitor can be mathematically represented by
Equation (2.26c).

Qc = n%.P, 2.26a

However,

Qc = —E,*Co, 2.26b

This suggests that when n is equal to 5%,

Conax = 0.05 2.26¢
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In this scenario, the value of C is equal to the maximum capacitance Cmax,
which precisely amounts to 5% of the base capacitance CB.

e Design of Grid-Side Inductance: In order to achieve a 20% reduction in ripple on
the grid side compared to the current ripple on the inverter side, certain measures need
to be implemented.

1
sw

The attenuation factor, denoted as k in equation 2.27, is assigned a numerical
value of 0.2, which corresponds to a 20% reduction.

/1
W'Fl

L2 = 934 % 10-% x 160002

2

= 0.254mH

e Designing for Resonance Frequency: The resonance frequency is contingent upon
the values of the filter inductors L1 and L2, as well as the filter capacitor C.

Let us proceed with the technical aspects:

L=L1+L2ande=

In the context of tank circuits, it can be generally stated that

1
Opes = —
" JIC
Therefore, in the context of the LCL filter,
1
O = ——— 2.28
res L C

p

Additionally, the computed value of "x" must adhere to the inequality stated in
equation 2.29. Alternatively, the values of equation 3.27 are selected again.

10fy < fres < 0.5fsw (2.29)
Please be aware that the value is expressed in radians.
1
Opes = = 8254.29 rads/sec
v/0.000158843 X 92.4 X 10~°
_ 8254.29

fres = T = 1313.71Hz

Based on equation 2.28;

In this scenario, f,., the value of 1500Hz is considered as the frequency (i.e.,
fw,., = 9425 rads/sec) and it meets the condition stated in inequality 2.29.
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The minimum DC bus voltage refers to the lowest voltage level that can be
sustained in the direct current (DC) bus of a system. As per the findings of Ben Said-
Romdhane et al. (2017), the maximum AC voltage that can be generated by a Voltage
Source Converter is determined by the DC-bus voltage. A fundamental principle to
follow is that the minimum direct current (DC) voltage should be equivalent to the
maximum voltage between two phases (line-to-line voltage) of the electrical grid. In
the context of a three-phase grid, the mentioned value refers to the maximum
magnitude of the voltage measured between any two phases.

Therefore,

Vbemin = V2. Vi (2.30)
V, is the line-to-line voltage of the grid.

VDCmin = 587V

In this design, Vpc is 800V.

The line-to-line voltage refers to the voltage between two phases in an
electrical grid. In this particular design, the voltage of the VDC (Voltage Direct
Current) is specified as 800 volts.

e Design of Damping Resistor: In this design, we incorporate a basic passive damping
technique by introducing a resistor RD in series with the capacitor. This configuration
helps reduce the amplitude of the ripple occurring at the switching frequency, thus
preventing resonance. Based on the findings of Reznik et al. (2013), it is
recommended that the resistance value of this particular resistor should be equal to
one-third of the impedance of the filter capacitor at the resonance frequency. In other
words;

Rp

_ 1
30, C

(2.31)

1
= 15Q

Rp =33 23873x924 X 106

Pena-Alzola et al. (2013) provides a mathematical expression for the
minimum value of the damping resistor, RDmin. The authors have disclosed that in
order to maintain system stability and achieve a positive gain margin in system
control, it is necessary for the damping resistor value to adhere to equation 2.32.

2
1 L,
RDmin = §fsw L1 + L2 (232)

1
Rpmin =75 X 16000 X 0.000095156 = 0.510

This implies that the selection of RD should be made in a manner that fulfils
the given relationship.
051 <Rp <15
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Note: R_pl and R_p2 are parasitic resistances associated with the inductors L1 and
L2, respectively. These values can be selected directly from the manufacturer's
datasheet. In this scenario, the user is referring to a specific situation involving certain
variables and conditions.

Table 1 presents the design system parameters that will be employed for the
simulation.

e Simulink model of the Inverter System with the LCL Filter: Figure 7 depicts the
Simulink model representing the Inverter system integrated with the LCL filter. The
Simulink model was developed using the design parameters outlined in Table 1 to
conduct performance analysis on the LCL filter.

Continuous LCL VOLTAGE

p

PWM Generator powergui To Workspace

(2-Level) |:|
—» LCL CURRENT

. g To Workspace1
+ Scope
DC Voltage Source T J A A a A a A Vabc
labc

B Bfmm\b BWb B ale—
ble =

- C
T r cle_rs|C c I c ¢ ¢ % LOAD
L1 L2 Three-Phase
Universal Bridge ® o o V-l Measurement <o O
-]
CFILTER

Figure 7

)

Figure 7 displays the Simulink model representing the Inverter System
integrated with the LCL Filter.

I1.FINDINGS AND ANALYSIS

1. Analysis of Harmonics in the Photovoltaic (PV) Inverter System: This section
provides an analysis of the harmonic content found in the unfiltered PV inverter system.
The analysis includes the examination of the present waveform and the utilisation of the
Fast Fourier Transform (FFT) technique. Based on the analysis of Figure 8 (a), it is
evident that the current waveform exhibits a significant deviation from sinusoidal
behaviour, primarily attributed to the presence of a substantial amount of harmonics. In
Figure 8 (b), the Fast Fourier Transform (FFT) analysis of this system reveals a Total
Harmonic Distortion (THD) value of 85.17%. This high THD percentage renders the
system impractical and unsuitable for grid-connected applications. Utility operators
require that all grid connected systems have a Total Harmonic Distortion (THD) of less
than 5%.
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Figure 8: (a) The graphical representation of the electrical voltage flowing through the PV
Inverter System. (b) The application of Fast Fourier Transform (FFT) algorithm to analyse
the frequency components present in the PV Inverter System.

Figure 8 showecases the current waveform and Fast Fourier Transform (FFT)
analysis of the Photovoltaic (PV) Inverter System.

2. The Parameters for Simulating the PV Inverter System: The simulation of the inverter
system is conducted using the design parameters acquired in section 2. Table 1 presents
the nominal system parameters and design parameters.

Table 1: Design System Parameters

fy Grid frequency or fundamental frequency 50Hz
fow PWM carrier frequency 16KHz
Wies Resonance frequency 9425 rads/sec
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Pn Rated active power 100KW

E, Line to line RMS voltage V3 x 240V
Vbe DC Bus voltage 800V

L; Inverter side inductor 0.424mH
L, Grid side inductor 0.254mH
R1 Inverter Side Parasitic Resistance 0.380 Q

R, Grid Side Parasitic Resistance 0.162 Q

C Capacitor 92.4uF

Rp Damping Resistor 2.2Q

Vg Grid voltage 240V

The user input "fg" is a command commonly used in Unix-like operating systems
to resume

Grid frequency, also known as fundamental frequency, refers to the standard
frequency at which an electrical power grid operates. It is the primary frequency at which
alternating current (AC) is generated and distributed throughout the grid.

3. Simulation Results of the LCL Filter: Figure 9 (a) depicts the waveform of the output
current in the inverter system equipped with the LCL filter. At this juncture, it is observed
that the waveforms exhibit sinusoidal characteristics due to the effective filtration of a
significant proportion of harmonics in the output of the photovoltaic (PV) inverter system
by the meticulously engineered LCL filter. The level of harmonic content has been
decreased from 85.17% to 1.27%. However, according to Figure 9 (b), it is evident that
the LCL filter is not capable of efficiently managing the low order harmonics. Therefore,
a current controller is required. The existing controller must incorporate a filtering
mechanism to eliminate low order harmonics in order to ensure that the photovoltaic (PV)
inverter system complies with the utility's "Standard for Interconnecting Distributed
Resources with Electric Power Systems."

15
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Figure 9: (a) The output current waveforms of a three-phase system with an LCL filter. (b)
Fast Fourier Transform (FFT) analysis of the photovoltaic (PV) inverter system with an LCL
filter.

Figure 9 displays the current waveforms and Fast Fourier Transform (FFT)
analysis of the current in the inverter system equipped with an LCL filter.

IV.CONCLUSION

This paper presents a simple, accurate, and methodical approach to designing an LCL
filter, which serves as an intermediary between a three-phase power converter and the utility
grid. The purpose of this filter is to mitigate the harmonics in the current waveform generated
by the power converter's switching frequency. The proposed design methodology exhibits
characteristics of simplicity, efficiency, and a specific focus on meeting the grid code
requirements. In contrast to traditional design methodologies, the proposed method exhibits a
higher degree of simplicity and directness. Additionally, the design considers four essential
criteria: adherence to reactive volt-ampere (VAR) limits, optimal filter volume, total
harmonic distortion (THD) < 0.003, and appropriate resonance frequency selection. The filter
parameters obtained were evaluated using the MATLAB-Simulink software tool. The
simulation results demonstrate that the proposed design methodology exhibits high reliability,
efficiency, and effective filtering capabilities. The simulation results demonstrate that
utilising this design methodology effectively reduces over 98% of the current harmonics
observed at the output of the converter.
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