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fact that electrical consumers are often designed to work with alternating current, the
production of electricity must have a sinusoidal waveform and, of course, within the standard
limits for harmonics. Therefore, in the case of utilizing off-grid renewable sources, a
standardized voltage waveform should be generated. It is achieved by employing an output
filter unit. In this paper, by presenting a novel method for the LCL filter design, the output
voltage and current are evaluated for a two-level three-phase inverter. The simulated and
experimental results confirm the excellent performance of the designed filter.

© 2018 Published by University of Tehran Press. All rights reserved.

Introduction

Nowadays, the use of renewable electricity in
urban areas has become very popular [1-2].
According to the statistics, the growth in the use of
local off-grid electricity has grown a lot in recent
years, indicating an increasing demand for such
type of electrical energy generation [3]. To produce
electrical energy in remote areas, use of primary
energy sources such as fossil fuels for diesel
generator systems and combined heat and power
(CHP) systems, wind energy for wind power
generation systems (WPGS) and solar energy for
solar power generation systems (SPGS), are all
economical and commonly used. Among all of
these, solar energy can be the best option for power
generation in remote areas, because solar power
systems have simpler processes for maintenance
which is so important for remote areas.

Considering that the electricity produced by the
photovoltaic panels is DC and most electric power
consumers use alternating current (AC), power
electronics should be used to convert DC power to
AC. Different structures are employed for such
purposes; among which a two-level three-phase
inverter has simplicity and, at the same time, it
gives a high utilization for low powers. If a three-
phase two-level inverter is switched by the SPWM?
method, the output has many harmonics which
requires the use of a filter unit [4-8]. The three
common types are L, LC, and LCL.

In the L structure, as shown in Fig.(1-a), an
inductor is used between the inverter and the grid.
Because of the fact that it is a first-order system,
this structure has a low downgrade capability. To
overcome to this problem, we need to increase the
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switching frequency. This will increase the
switching losses in the converter, so it's not
advisable to do so. Also, increasing the capacity of
the inductance can increase the severity of the
weakening, but this strategy causes an increase in
Electromagnetic Interferences (EMI). Therefore,
this structure is not a good solution for harmonics
reductions. The LC structure, as seen in Fig.(1-b),
consists of an inductor and a capacitor which results
in a second-order system. It has a better attenuation
than the L structure, but still needs a large
inductance. In addition, a relatively large capacitor
in this structure is needed. This structure requires a
damper circuit to prevent resonances in the filter
unit. The structure of the LCL filter, as seen in
Fig.(1-c), creates a third-order system, so it
performs well in the attenuation of the high-order
harmonics. In order to avoid the resonances in this
structure, a damper circuit is used. Different
damping structures are already employed [9-11]. In
this paper, a simple damping structure which
includes a series resistance with the filter capacitor
is used. In Table 1, the comparison between the
three filters types is discussed. With respect to the
advantages of the LCL structure, this structure is
selected and assess in this article.

Nowadays, strong simulations tools such as
Matlab/Simulink and PSCAD/EMTDC  are
available which can predict the behaviour of power
electronics systems accurately. They can perform as
design tools; instead of the conventional design
approaches which are mainly based on analytical
expressions. In this paper, we effectively employed
simulations in the design procedure of LCL filter
[12].
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Figure 1. L, LC, and LCL topologies
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2. Proposed approach for LCL filter design

To start the design, we start from deriving the
transfer function of the inverter output voltage to
the current injected into the network.
14(5)
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With respect to the effect of the damper resistance
in the filter and the resistance of the inductors, the
transfer function is written as follows:

— Zs
H(S) = ZgZi+ZgZp+ZeZ; @)
Here, Z; is the impedance connected to the inverter,
Z; is the parallel impedance of the filter, and Zg is
the impedance connected to the network. If the
resistance of the inductors is ignored and the
damper circuit is considered a series resistance with
the capacitor, the transfer function is:

_ Rf Cf +1
H(S) = LiLgCs S3+R; Cf (Li+Lg)S%+(Li+Lg)S @)
This is a third-order transfer function that leads to a
strong suppression of high-order harmonics. In
Fig.2, the LCL structure is represented with a
damping circuit.

Figure 2. LCL filter with damping resistor

Table 1. Comparison between L, LC, and LCL filters

Table 2: Input & output values of proposed
flowchart for filter design

Inputs

P,= 5000 Watts

fow= 10000 Hz

Filter Type L LC LCL
Switching Very | Relatively Low
Frequency High Low

f,= 50 Hz

Vpn = 230 Volts

V4. = 750 Volts

Outputs




Li= 47mH

L,= 2.3 mH

Ci=25UF

Ry=1010

In order to design the LCL filter, the values of the
phase voltage, switching frequency, network
frequency, nominal active three-phase power and
the DC link voltage are required. The filter design
process is as follows.

Table 3: Final values of proposed filter design
approach

Outputs

Li= 0.8 mH

L,= 0.5 mH

Ci=4.7uF

Rd:]..Q

The design flowchart is shown in Appendix. We
present the design for a 5kW inverter based on the
flowchart and by employing the simulations in
Matlab/Simulink. Considering the flowchart, the
input and output values are as in Table2.

By employing the simulation tool, output values
result in a THD; = 2%. According to the std.
IEEE519-2014 [13], the injected current to grid
total harmonics distortions, THD; , can be increased
up to 5% . Therefore the values of filter can be
chosen to reduce weight and volume of filter to
control mechanical stresses on printed circuit board
and also EMI. Generally, we are interested to
reduce inductors sizes [14, 15]:

- Toreduce eddy and hysteresis losses.

- Toreduce copper losses.

- Toreduce Electromagnetic Interference.

- To increase active and reactive power
exchange between solar power plant and
utility grid.

With regards to the frequency analysis, it is
concluded that:

- By decreasing the values of inductors, the
THD of voltage and current decreases.

- By decreasing the value of capacitor, the
THD of voltage and current decreases.

- By increasing the value of the damping
resistance, the THD of voltage and current
increases.

According to the above statements, the goal is
the reduction of inductances and resistance. Also,
the value of capacitance must be in the standard
range. In this step of design, with the help of
simulation tool, optimized values for filter
parameters are obtained as in Table 3.

Based on the obtained values, the THD of output
voltage and current is less than 5%. This yields to
observe standard limits and achieve the goals. For
the obtained transfer function and based on the final
values for filter parameters, the Bode diagram is
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drawn as in Fig.3. Based on this diagram, it can be
concluded that:

- Good performance of filter unit in high-
order harmonics suppression is achieved.

- In low frequencies, where the fundamental
frequency is located, filter performs such
as an inductance. In the other words, the
parallel branch can be considered as open-
circuited.

- The filter performance, with respect to the
phase-margin and gain-margin concepts, is
stable and therefore, the damping circuit
has the desired behavior.

3. Simulation Results

According to filter parameters obtained in the
previous section, here THD; & THD, and their
wave-forms are presented. As shown in Fig.4, and
Fig.5, the peak instantaneous voltage and current
are exactly equal to 325 volts and 10.25 amperes,
respectively leading to:

p= zx 325x10.25 = 5000 W  (4)

Also for the case of THD, it is visible that the
standard limits are met.
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Figure 3. Bode diagram of designed LCL filter
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Figure 4. Output current (up) and voltage (bottom)
of inverter
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Figure 5. THD, (up) and THD;(bottom)

4. Experimental Results

To implement the simulated circuit and to have
experimental assessment of proposed method, a 5
KW inverter is designed and implemented. This
inverter is shown in Figure 6. In this figure, we
have:

1. Osilloscope

2. Three-phase miniature fuse

3. Multi-meter

4. DC link Capacitance

5. Inverter Board With LCL filter

6. Microcontroller

7. Power Supply
In order to test the designed filter in

experiments, three 220 V, 200W lamps are
considered as the three-phase load. In Fig.7, three-
phase voltage and current at the output of inverter is
shown confirming the excellent performance of
filter in attenuating harmonics produced by the
inverter.
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Figure 6. Experimental set-up
5. Conclusions

In this article, a novel method for the LCL filter
design is proposed. The method employs both of
the analytical as well as simulation tools leading to
optimum values for parameters of filter. Based on
the simulation and experimental results, the
proposed approach for LCL filter design can meet
the standard limits at the optimum size of filter
parameters.

Figure 7. Experimental results
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Appendix

Pb < Pn
Zb < (V3 Vph)~2/Pb
Cb < 1/(2m=fg=Zb)
Imax < (V2xPb)/(3=xVph)
Cf < 0.025 Cb

Almax <€ 0.2 Imax

Li < Vdc/(6xfswxAlmax )

w res< JVLi+Lg)/(LixLg>=<ChH)

wmin < 10 > wg

Z—

wmax € 0.5 > wsw

Figure (A-1): Proposed flowchart for LCL filter
design



