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The increasing use of renewable energy sources, such solar and wind power,
and the growing ubiquity of High Voltage Direct Current (HVDC)
transmission systems to improve power transmission efficiency are the main
factors behind the increased deployment of inverter circuits. High harmonic
distortions in the resultant sine wave, however, are a major problem for
inverter circuits and could jeopardise circuit efficiency if left unchecked. This
study presents a novel, affordable, and effective LC filter that is intended to
remove almost all harmonic content from inverter circuits. The study uses
PSIM software for the modelling, design, and control of a three-phase
inverter. Starting with DC power supply, the study makes use of effective
three-legged IGBT (insulated gate bipolar transistor) semiconductor devices
as switch elements due to their high and current rating as well as faster
operation. The switching gate pulses that turn inverter switches on and off at
regular 60-degree intervals are produced by the pulse controller that controls
the switches. This study's results show that the innovative LC filter in the
inverter significantly reduced total harmonic distortion (THD) in all phases
of the power signal. Specifically, THD decreased from 37.68% to 0.47% in
the red phase, from 37.69% to 0.48% in the blue phase, and from 37.71% to
0.48% in the yellow phase. This reduction results in a notable improvement
in power quality in all phases of the signal. Additionally, there is a noticeable
increase in voltage magnitude, stabilizing and raising levels from 17.92 V to
23.83 V in the red phase, 17.93 V to 23.81 V in the blue phase, and 17.83 V
to 23.81 V in the yellow phase due to the LC filter. These results demonstrated
the effectiveness of the LC filter-equipped inverter for industrial, HVDC, and
renewable energy applications.

This work is licensed under a Creative Commons Attribution-Share Alike 4.0

Corresponding Author:

Habib Muhammad Usman, Department of Electrical Engineering, Ahmadu Bello University, Zaria, Nigeria &
Department of Electrical Engineering, Mewar University, Chittorgarh, Rajathan, India

Email: habibusman015@gmail.com

1. INTRODUCTION

In the rapidly evolving landscape of power electronics, the pivotal role of inverter circuits has become
increasingly pronounced, fueled by the escalating integration of renewable energy sources and advancements
in High Voltage Direct Current (HVDC) transmission systems. As we usher in a new era of energy utilization,
the demand for efficient, reliable, and clean power conversion technologies has never been more critical to our
modern society [1]-[3]. But despite all of the advancements, one enduring problem remains: excessive
harmonic aberrations in the sine wave output of inverter circuits. The overall effectiveness and dependability
of power conversion systems are seriously threatened by these distortions if they are not corrected. In order to
transform the traditional inverter circuit paradigm, this study explores this topic in great detail. In our modern
culture, electricity is essential to many of our daily tasks. Because electricity is a necessary resource, having a
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steady and dependable supply is essential to making daily tasks easier. Electricity is produced using a variety
of sources, including nuclear, solar, wind, hydro, fuel cells, and, more recently, gas [4], [5].

The inverter converts a direct current (DC) power source into an alternating current (AC) power source
through a process called inversion. Contrary to this inversion process, rectification transforms an AC power
source into a DC power source [6]-[8]. An inverter's principal purpose is to continuously supply AC power to
connected loads, guaranteeing electricity even in the event that the main AC supply is unavailable. Its
integration of a battery, charger circuit, and inverter circuit allows it to transform battery-stored DC power into
AC power that can be used for devices like computers in the event of a mains power outage. The battery is kept
charged for later use via the charger circuit. The majority of electronic devices run on DC power internally,
while their exterior circuits require AC power [9], [10]. The inverter is less noisy, provides a complete
automatic switchover function, poses no environmental threats, is less bulky, and is less expensive to maintain
[11]. Fig. 1 shows the basic steps involved in inverter circuit.
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Fig. 1. Schematic diagram of an inverter

As shown in Fig. 1, inverter circuit starts with the DC input that come from a number of sources. It could
originate from rectified AC mains in an industrial context, for example, or from a DC power supply that uses
renewable energy sources, such as wind turbines or solar panels. Usually, the needs of the linked loads are
taken into consideration while selecting the DC voltage level [12], [13]. Three pairs of power switches, one for
each phase, make up the three-phase bridge arrangement. An IGBT (Insulated Gate Bipolar Transistor) and a
diode make up each switch. This configuration makes it possible to convert DC power into three-phase AC
power. The switches are controlled in such a way that the currents through them are modulated to create the
desired sinusoidal output waveforms [14]-[17]. Pulse Width Modulation (PWM is a modulation technique that
effectively and rapidly turns on and off power devices to manage the average voltage supplied to the load.
Three-phase inverters regulate the output voltage of each phase by applying PWM to each leg of the bridge
independently. The output frequency is determined by the PWM signal's frequency, and the output voltage
amplitude is determined by the signal's duty cycle [18]-[22]. Output filtering in three-phase inverters is critical
for ensuring that the output voltage waveforms are smooth and sinusoidal. This involves the use of filter such
as LC (inductor-capacitor) or RC OR LCL or any suitable filters to remove high-frequency harmonics
generated by the PWM switching. Additionally, balancing circuits may be employed to ensure that the three-
phase output voltages are balanced, which is essential for the proper operation of three-phase loads [23]-[26].

IGBT (insulated gate bipolar transistor) Switching because of their quick switching times and minimal
conduction losses, IGBTs are preferred for high-power applications. IGBTs in three-phase inverters turn on
and off in response to PWM signals produced by the control circuitry. For the inverter to operate efficiently
and to minimize losses, the IGBTs must be switched correctly [27]-[30]. A three-phase inverter's control
circuitry continuously observes the output voltage and frequency and modifies the PWM signals to keep them
at the appropriate values. This rule is essential to guarantee grid compatibility or to fulfil the demands of
particular loads. It is possible to employ closed-loop control systems, in which the PWM signals are
continuously adjusted based on sensor feedback [31]-[33].

Engineers and researchers working in the subject of power electronics utilize PSIM (Power Electronics
Simulation) software, which provides a comprehensive platform for modelling, simulating, and evaluating
intricate circuits and systems. With PSIM's extensive collection of pre-built components and user-friendly
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graphical user interface (GUI), users may easily and quickly create circuit schematics and simulate their
behaviour. The software employs powerful simulation engines capable of accurately solving mathematical
models describing circuit dynamics, allowing users to perform transient, steady-state, and frequency domain
analyses to evaluate performance under various operating conditions [34], [35]. Support for control system
design, which lets users simulate and apply different control techniques for power electronic converters, is one
of PSIM's primary capabilities. Before implementing their control algorithms in practical applications,
engineers can evaluate the stability, precision, and responsiveness of their algorithms by simulating control
loops, feedback systems, and pulse-width modulation (PWM) approaches. Furthermore, PSIM enables users
to optimize circuit parameters and do sensitivity analyses, enabling them to attain targeted performance metrics
like power factor, harmonic distortion, and efficiency [36], [37].

Many works have reported their designed model of inverter circuit with various filtering techniques,
among them are Segun, O. et al. [4] whose performed an analysis regarding irregular provision of electricity
in Nigeria by distribution companies, there arises a necessity to establish an alternative electricity source to
compensate for this unreliability. They proposed that, a supplementary power sources like generators and, more
recently, semiconductor power devices such as the bipolar transistor, thyristor, and notably MOSFET and
IGBT have to be employed for power generation, often in conjunction with a DC battery, yielding a few
kilowatts of electric power. Moreover, Senthikumar ef al. [38] considered certain energy sources that produce
direct current (DC), whereas a significant portion of our equipment operates on alternating current (AC).
Consequently, conversion devices become essential, cost-effective inverter was designed to address this
challenge. LCL filter was proposed with passive damping resistors for reliability, robustness, stability and light
weight by [39] and mathematical was also proposed to calculate the maximum current ripples. In an effort to
mitigate harmonics series and parallel damping resistor in LCL passive filter which resulted to reduced total
harmonic distortions (THDs) was proposed [40].

Mishra P. et al. [41] Investigated that squirrel cage induction motor (SQIM) fed by pulse width modulated
voltage and current source inverter (VSI) brought additional losses in addition to motor losses, proposed here
was an efficient sinusoidal LC filter for performance and efficiency improvement. Multifunction Grid-
Interfaced inverter with LCL filter based was modelled, analysed and designed, furthermore, a contrast between
the prior approach and the suggested OHRC system was provided [42]. In order to reduce switching losses, the
inverter used a “Boost in Boost, Buck in Buck” arrangement, in which only one power stage runs at high
frequency. The “Boost” and “Buck” modes' conduction power losses were decreased due to the design's
achievement of a minimum voltage drop in the filtering inductor inside the power loop, the authors investigated
line of grid-tied, DC/AC inverters that can handle a wide range of input DC voltages [43]. Bin G. ef al. [44]
Presented a method of improving the performance of Maximum Power Point Tracking (MPPT) by combining
a reliable second-order sliding mode control (SOSMC) with a passive LC power decoupling circuit such that
double-frequency pulsation on the dc-link is successfully eliminated by incorporating the passive LC
decoupling method, which significantly increases MPPT accuracy [45]. Authors proposed digital counters used
in place of an analog transformer to create a Sinusoidal Pulse Width Modulation (SPWM) system at a lower
cost. Essential parts of the three-phase inverter's internal architecture include the low-pass filter, gate driver,
SPWM module, Phase-Locked Loop (PLL), and snubber circuit. Achieving smooth synchronization between
the inverter and the grid requires the incorporation of a well-matched PLL scheme. The investigation achieved
cost-effective method to SPWM design, ensuring effective and synchronized operation with the grid, by
substituting digital counters for the analog transformer. Implementation of the filter elements on an inverter's
output, the EGS002 module generates a pulse width modulation (PWM) signal that was used to in inverter
prototyping along with a low-pass filter, voltage regulator, MOSFET bridge, and DC voltage source [46], on
the other hand, new class of fractional-order LLCL (FOLLCL) filters, which provide adaptable properties by
varying the orders of one capacitor and three inductors in the filter construction was presented [47].

Software from Matlab/Simulink, PSIM, and PSPICE was used to compare, analyse, and simulate inverter
circuits [48]. Meanwhile, Tawfikur R. [49] proposed a design model for the three-phase inverter's switching
mode. In a similar vein [50] presented mathematical modelling and investigation of a reduced order induction
motor drive system. This study [51] presented the design and control of a Grid-Connected three-phase, three-
level NPC inverter for the purpose of building an integrated photovoltaic system.

PSIM stands out due to its specialized focus on power electronics and its intuitive user interface, which
makes it easier for engineers to design and simulate complex power electronic circuits efficiently. Unlike
general-purpose software like MATLAB, PSIM is tailored specifically for power electronics applications,
offering a wide range of built-in components and modules dedicated to inverters, converters, and filters.
Moreover, PSIM's simulation engine is optimized for power electronics simulations, ensuring high accuracy
and fast simulation speeds compared to general-purpose circuit simulators like SPICE [34], [35]. This enables
researchers to quickly iterate through different designs and analyse their performance effectively. Furthermore,
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PSIM offers comprehensive modelling and simulation support for intricate parts like LC filters and three-phase
inverters. With its vast collection of power electronic models and components, researchers can quickly add
cutting-edge features like the LC filter into their designs and properly replicate their performance.

The methodology employed in this investigation involves the utilization of PSIM software for modelling,
LC filter design, and control of a three-phase inverter. Drawing power from a DC source and incorporating
advanced three-legged Insulated Gate Bipolar Transistor (IGBT) semiconductor devices, our approach
combines theoretical rigor with practical efficiency. The intricate swing of inverter switches, choreographed
by a pulse controller at regular intervals, further distinguishes our methodology, ensuring adaptability for both
star and delta connection loads through the deliberate selection of the 180-degree conduction mode.

This study presents a significant contribution to the field of power electronics by addressing the challenge
of harmonic mitigation in inverter circuits. Unlike previous studies that have often faced trade-offs between
effectiveness and cost-effectiveness, this research introduces a novel approach aimed at achieving the highest
efficiency at the lowest cost. Through the design and implementation of a special LC filter using PSIM
software, the study demonstrates impressive harmonic reduction in inverter circuits, thus enhancing overall
efficiency. Additionally, the research stands out by focusing on the design and modelling of an effective,
lightweight, and affordable inverter circuit, leveraging PSIM software for simulation and analysis. By
incorporating the unique LC filter into the inverter design and demonstrating its effectiveness in harmonic
reduction, this study contributes to advancements in mitigating harmonic distortions in power electronic
systems, crucial for improving circuit efficiency and reliability. The research underscores the importance of
simulation tools like PSIM in optimizing power electronic circuits, providing engineers and researchers with
valuable insights into circuit behaviour, performance, and optimization, ultimately driving advancements in
renewable energy integration and power transmission efficiency.

2. METHODS
The methodology used in this study involves,
e Three phase inverter was designed and simulated using PSIM software.
o Efficient LC filter was designed and simulated using PSIM software.
o Designed inverter was integrated with the designed LC filter.
e The results was recorded and analysed.

2.1. Design of Three Phase Inverter Systems

The three-phase inverter has been designed and simulated using PSIM software. As shown in Fig. 2, the
first step in an inverter circuit involves the utilization of a DC (Direct Current) power source. This DC power
source serves as the initial energy input that is to be converted into AC (Alternating Current) power. The DC
source can originate from various places, depending on the application. For instance, in renewable energy
systems such as solar or wind power, the DC source might be derived from solar panels or wind turbines, where
sunlight or wind energy is converted into electrical energy through the process of photovoltaic conversion or
mechanical energy conversion, respectively. In industrial settings or grid-tied systems, the DC source might be
obtained from rectified AC mains or a battery bank. Regardless of its origin, the DC source provides the
necessary electrical energy that serves as the foundation for the subsequent conversion process carried out by
the inverter circuit.

hFen  rkFee R :

R 3 s R s Dﬁﬁ}m

Fig. 2. The inverter switching logic circuit

Voc = Vsource — Vdrop Q)

where Vpe = DC voltage input to the inverter, Vggy-c.= DC source voltage, Vyrop,= symbolizes any voltage
drops that occur between the source and the inverter across components like wire, fuses, or diodes. The second
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step in inverter design involves the implementation of Pulse Width Modulation (PWM), a crucial technique
used to regulate the average output voltage of the inverter by adjusting the width of pulses within a pulse train.
In PWM, the duty cycle of the pulses, which represents the ratio of the ON time to the total period, determines
the average voltage output. By varying the duty cycle, the effective voltage applied to the load can be precisely
controlled. PWM is significant in inverter circuits as it allows for precise control of the output voltage,
frequency, and waveform shape, ensuring compatibility with various loads and grid standards. Additionally,
PWM helps in reducing harmonic distortions in the output waveform, thereby improving the overall quality of
the AC power generated by the inverter. In this study, square wave PWM was employed due to several reasons.
Firstly, square wave PWM is relatively simple to implement and computationally efficient, making it suitable
for real-time control applications. Secondly, square wave PWM generates fewer harmonics compared to other
PWM techniques such as sinusoidal or triangular waveforms, thus reducing the complexity of the filtering
requirements. This simplifies the design and reduces the cost of associated components, making square wave
PWM a practical choice for cost-effective implementations. Additionally, in this study, a PWM frequency of
5kHz was chosen. The choice of PWM frequency is crucial as it affects the efficiency, switching losses, and
size of the filtering components. A higher PWM frequency allows for smoother waveform transitions, reducing
audible noise and improving efficiency. However, excessively high frequencies can lead to increased switching
losses and higher component costs. A PWM frequency of 5SkHz strikes a balance between efficiency and cost-
effectiveness, ensuring smooth operation while minimizing losses and component size.

Ton _ Ton

D = =
Ton + Toff Tperiod

= Tonfs 2

where D= Duty cycle, T,,,= Time when the switch is ON, T, ;= Time when the switch is OFF, Ty, ¢r0q= Period
and it is the sum of ON and OFF time, f; = Switching frequency which is the inverse of period.

The third step in inverter design involves the utilization of Insulated Gate Bipolar Transistors (IGBTs) as
the switching devices within the inverter circuit. IGBTs are preferred over other switches such as MOSFETs
or BJTs (Bipolar Junction Transistors) due to their advantageous combination of high current-carrying
capability, fast switching speeds, and low conduction losses. These characteristics make IGBTs well-suited for
high-power applications, such as inverter circuits, where efficient power conversion is essential. In an inverter
circuit, IGBTs are responsible for rapidly switching the DC input voltage on and off according to the Pulse
Width Modulation (PWM) control signals, thereby generating the desired AC output voltage. However, during
the switching process, IGBTs incur switching losses, which contribute to energy dissipation and reduced
efficiency of the inverter circuit. Switching losses primarily arise due to the finite switching times of the IGBTs
and the inherent characteristics of the devices.

Ve = Vegsat + Viwa 3)

where V¢p= Forward voltage drop across 1GBT, V¢g 4= Saturation voltage, Vy,q = Forward drop due to
conduction loss. The total power loss across IGBT is given in equation (4).

Peotar = Peona + Bsw “4)

where Py ;4= total power loss across IGBT, P, 4= Power loss due to conduction of the switch and it depends
on average collector current and saturation voltage, P, = Switching loss which depends on switching
frequency. These losses manifest as heat, which can adversely affect the performance and reliability of the
inverter. To minimize switching losses, various techniques are employed. Firstly, optimizing the gate drive
signals to reduce switching times can help mitigate losses. Additionally, implementing snubber circuits to
dampen voltage spikes and ringing can reduce stress on the IGBTs and minimize losses. Furthermore, selecting
IGBTs with lower conduction and switching losses can contribute to overall efficiency improvements.
Moreover, advanced control strategies such as zero-voltage switching (ZVS) and zero-current switching (ZCS)
can be utilized to further minimize switching losses, ultimately enhancing the efficiency and reliability of the
inverter circuit. In the inverter design process, approximating the switching losses of IGBTS to zero is common
due to their inherently fast switching speeds, low conduction losses, and meticulous optimization of gate drive
signals and control strategies, which collectively contribute to minimal switching losses. Moreover, operating
conditions are often tailored to minimize stress on the IGBTSs, such as staying within safe temperature ranges
and voltage/current limits, further reducing switching losses. Additionally, in practical applications, other
losses in the system, such as conduction losses or losses in the filter components, may overshadow switching
losses, especially at higher frequencies or specific load conditions. Therefore, by disregarding switching losses
or approximating them to be negligible, it simplifies the analysis and design process without significantly
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compromising accuracy, allowing engineers to focus on optimizing more significant contributors to overall
system efficiency and performance.

Finally, the inverter generates a three-phase AC output waveform, completing the conversion process
from DC to AC power. This three-phase output is achieved by coordinating the switching of the IGBTs in a
sequence that corresponds to the phases of the AC waveform. As mentioned earlier, the switches are triggered
ON and OFF at regular intervals of 60 degrees, programmed to produce a balanced three-phase voltage. Each
switch conducts for a duration of 180 degrees, ensuring a smooth transition between phases. By precisely
controlling the timing and duration of the switch operations, the inverter generates a sinusoidal AC output
waveform with three distinct phases, typically denoted as phase A, phase B, and phase C. This three-phase AC
output is essential for powering three-phase loads and is commonly used in industrial and commercial
applications where high-power electrical systems are required. The precise control provided by the inverter
ensures that the generated AC waveform meets the required voltage, frequency, and waveform shape
specifications, ensuring compatibility with various loads and grid standards.

The switches are triggered ON and OFF at regular intervals of 60 degrees as shown in Fig. 3. The sequence
is programmed for a 3-phase voltage. There are two (2) possible patterns of control based on the length of the
gating switches, which are the 120-degree mode in which switches remain ON for 120 degrees, and the 180-
degree mode in which each switch conducts for 180 degrees. But the 180-degree mode was chosen in this
project after simulating both patterns for its advantage that it can be used for both star and delta connection
loads, unlike the 120-degree conduction mode that can be applied to only star connection loads.

The circuit operate in six (6) steps each step been 60 degree each switches is triggered after an interval of
60 degree and remain ON for 180 degree. Start with switch 1(SW1), which fired at 0 degree and conducted
until 180 degree, while SW1 is conducting, SW2 fired when w=60 and remain ON to 240 degree, the pattern
continued for SW3, SW4, SW5, SW6 and the sequence continued for another circuit of 360 degree as shown
in Fig. 3.

T1 T4 T1 T4

T2

0 60; 120; 180; 2400 300; 360 60; 1200 180: 240, 300 360
SR A T T A (N AU W S O T A ¥ A R ¥ R
561 {612 123 | 234 | 345 | 456 | 561 : 612 | 123 | 234 | 345 | 456 |

Fig. 3. The circuit pattern operation and the IGBT steps ON operations

For step 1 (0 to 60 degree) switches SW1, SW5 and SW6 are ON simultaneously, similarly. Step 2
switches SW6, SW1 and SW2 are ON. Step3 switches SW1, SW2 and SW3 are ON. Step 4 switches SW2,
SW3 and SW4 are ON. Step 5 switches SW3, SW4 and SW5 are ON. Step 6 switches SW4, SW5 and SW6
are ON and the pattern repeated for further circuits.

2.2. Mode of operation

The mode of operation of an inverter circuit typically involves several steps to generate the desired AC
output waveform. In a specific mode, such as mode 1 or mode 2 as described, the switches are triggered in a
coordinated manner to achieve the desired voltage waveform.

2.2.1. Mode 1

In mode 1, as shown in Fig. 4, the switches SW6, SW1, and SW2 are triggered simultaneously. This
action results in the conduction of these switches, allowing the DC input voltage to flow through them and
create a specific phase of the AC output waveform. By triggering these switches together, the inverter ensures
that the output voltage follows the desired phase sequence, consistent with the intended three-phase AC output.
This coordinated switching action is important for generating a balanced and synchronized AC waveform
across all three phases.
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o

Fig. 4. Equivalent circuit of mode 1

2.2.2. Mode 2

Similarly, in mode 2, the switches SW5, SW3, and SW4 are simultaneously triggered. This coordinated
activation of switches corresponds to a different phase of the AC output waveform, ensuring that the overall
waveform remains balanced and synchronized across all three phases. By triggering specific switches
simultaneously in each mode, the inverter circuit effectively creates the desired three-phase AC output, meeting
the requirements of the load and ensuring compatibility with the grid or other connected systems. From ohm’s
law

V=1IZ (5)
%4
I=— 6
7 (6)
where: V is voltage source, I is the current, Z is the impedance. From Fig. 3.

) Vs 2Vs

==
7
z+% 37 @)

where i is total current, Vs the source voltage, Z is the impedance. The total voltage across each resistor will
be.

VA 2 Vsi1Z Vs
Vao =t [3 Z]Z 3 ®
2 Vs 2
=i./=|-. — = — 9
Vob=1i.Z [3 7 Z 3Vs 9)
2 Vs1Z Vs
Voc=t.z [3 z127 73 (10)

where V,, line to neutral voltage drop across ao, V,, is line to neutral voltage drop across ob and V,. is line to
neutral voltage drop across oc. And the same mode of operation and calculations apply to other steps (steps 2,
3,4, 5, 6) and it will be seen that series load get more voltage drop and parallel load get lower voltage drop.
The three-phase line to neutral voltage to be plotted are V,,, V;,, and V,,. Using the values obtained from the
calculation and the relationships above, Table 1 was formed. The values are plotted on the graph as shown in
Fig. 5.
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Table 1. Line to Neutral Voltages
Step Vg Vo Veo

1 -2 1
bogh 3% 3k
2 -1 -1
2 3% 3k ok
1 1 -2
-1 2 -1
RGN IO i
-2 1 1
> 3% 3% 3%
-1 -1 2
6 F% 3% 3%

1 I moiw v Vi 1 i Y v vi
561 {612 | 123 (234 | 345 456 | 561 | 612 | 123 234 | 345 | 456 !
[{?O
2Vs
3
Y.
3 : wt
—vs 5
3
—2v :
Voo I S :
i ; 3 i
; P wt
Voo 5
H H wt

Flg 5. Line to neutral plbtted graph

2.3. Design of the Three Phase Inverter Systems on P-SIM
The three-phase inverter has been designed and simulated using PSIM software. The design is shown in
Fig. 6. The input DC voltage used in this simulation was 24V, switching frequency of SKHz, duty cycle of

50%,

0180. 120 300 240 420

Koy A a'a'a'al
(2 a0
L TS 1L s
&) S R

180 3580 300 430 50 240. 1 1
os T 2 s ﬁ}s TIT

&

2.4. LC Filter Design on PSIM

Fig. 7 shows the LC output filter circuits design, which consist of an inductor and a capacitor. The LC
low-pass filter is able to attenuate most low-order harmonics in the output voltage waveform. The switching
frequency in high-power applications is chosen with regard to inverter efficiency since switching losses are a

Fig. 6. The inverter switching logic circuit on PSIM
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significant portion of the overall losses. It is desirable to minimize the size and cost of the filtering components
by increasing the switching frequency (5 kHz was choosing in this paper). Because of its exact frequency
selectivity, compact size, dependability, simplicity, low power losses, high efficiency, and high power handling
capabilities, an LC filter is best suited for inverter circuits. With their simple, passive design, LC filters ensure
good power transfer, efficient filtering of undesired harmonics and noise from the output waveform, and
minimal cost and complexity. These inverters are perfect for a wide range of inverter applications, such as
industrial motor drives, renewable energy systems, uninterruptible power supply, and electric vehicle
powertrains. They can manage high power levels and offer exact frequency selectivity. Furthermore, the
extended service life and dependability of passive parts like inductors and capacitors employed in LC filters
add to the overall robustness and dependability of the inverter circuit.

oY o
Input L=, o Output
o o

Fig. 7. LC filter circuit

Choosing a large inductor will require a similar capacitor in order to counterbalance the substantial
voltage drops caused by load transients [24]. Impedance of the inductor and capacitor.

Z, = jol (11)
7, = — 12
¢ =aC (12)

where Zr, = Impedance of the inductor, Z. = Impedance of the capacitor, L = Inductance of the inductor, C =
Capacitance of the capacitor, w= Angular frequency (2pi times frequency in Herz), j = imaginary unit. To find
the cut-off frequency f. of the filter, where the filter starts to attenuate the higher frequency, this occurs when
the reactance of inductor and capacitor are equal in magnitude but opposite in sign. Equating equation (7) and

(8).

-1
Z,=Zc=jw:lL = 13
L c = J]wc jweC (13)
we = 21f, (14)
where f. = Cut-off frequency in Herz, substituting equation (14) in (13) and solving the equations yield.
fe= : 15)
° " 2mVIC
This cut-off frequency is also referred to as switching frequency f;. Inductor equation:
Vbc
L= 16
8fAl, (16)

From equation (12), Vpc = Voltage DC source =24V. f; = Switching Frequency, The choice of switching
frequency is crucial as it affects the efficiency, switching losses, and size of the filtering components. A higher
switching frequency allows for smoother waveform transitions, reducing audible noise and improving
efficiency. However, excessively high frequencies can lead to increased switching losses and higher component
costs. Switching frequency of SkHz strikes a balance between efficiency and cost-effectiveness, ensuring
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smooth operation while minimizing losses and component size. Alo = Maximum Current Ripple = 10% of the
inductor current = 10% *5A = 0.5A.

4 24
L DC

T 8fAl, 8x5000x0.5
By substituting the value of L in equation (15), we get the value of capacitor,
fe= = 3= -
¢ 2mLe 2mV(1.2 X 1073 x C)
C =0.85x 10~°Farad = 0.85uF

= 1.2mH

3. RESULTS AND DISCUSSION

The simulation results conducted using PSIM software were visually presented graphically. Both the
inverter circuit with and without the filter were designed, and the total harmonic distortion (THD) was analysed
alongside the measurement of voltage output levels. Furthermore, a comparison was drawn between the
obtained results and experimental data to ensure validation. Subsequently, the findings were thoroughly
discussed.

3.1. PSIM Simulation Results

The DC-source waveform, which is from a battery of 24 volts, as depicted in Fig. 8, was used as an input
voltage source. In the design, a pulse width modulation with a duty cycle of 50% has been used to generate the
sinusoidal wave, and a sampled phase signal has been used to synchronize the inverter output phase with the
phase.

24.00000006
24.00000004
24.00000002 |

24
23.99999998

23.99999996 |

23.99999994
23.99999992

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Fig. 8. Input controlled DC voltage source to the inverter circuit

Fig. 9 shows how harmonic content causes a considerable distortion in the red phase inverter's output
voltage. Adding an effective filtering circuit is essential for improved performance in order to address this. The
goal of this study is to minimize distortions and maximize system performance by developing an efficient and
cost-effective LC filter that was simulated using PSIM software. Fig. 10 presents the almost perfect sine wave
generated by the LC filter for the red phase voltage, thereby eliminating parasitic harmonic aberrations. To
maximize the filter's efficiency, carefully measure the capacitor and inductor sizes and choose a 5 kHz
switching frequency that strikes a balance between size, cost, and performance. Huge improvements in power
quality are shown in Table 2, by comparing the line to neutral red phase voltage with and without an inventive
LC filter. With the novel LC filter, the total harmonic distortion (THD) drops significantly from 37.68%
without the filter to 0.47%, demonstrating a noteworthy reduction in harmonic distortion. Furthermore, the
voltage magnitude rises from 17.92 V without the filter to 23.83 V with the filter, indicating that distortions or
fluctuations in the voltage have been effectively mitigated, leading to a higher and more stable voltage level.
The current magnitude, on the other hand, shows no change in current magnitude between the two cases,
increasing slightly from 4.84 A without the filter to 4.98 A with the LC filter.

The output of the inverter, as shown in Fig. 11, exhibits a considerable distortion that can be attributed to
harmonic content. This distortion has an undesirable effect on the efficiency of the inverter as well as the
associated system. Fig. 12 shows an exceptionally clean sine wave with little distortion in the blue phase
voltage. Table 3, shown Notable improvements in power quality are shown by comparing the line to neutral
blue phase voltage with and without an innovative LC filter. With the novel LC filter, the overall harmonic
distortion (THD) dramatically decreases from 37.69% without the filter to 0.48% with the filter, indicating a
considerable reduction in harmonic distortion. Additionally, the voltage magnitude increases with the LC filter
from 17.93 V t0 23.81 V, suggesting that distortions or variations in the voltage have been effectively mitigated,
leading to a higher and more stable voltage level. Meanwhile, the current magnitude shows negligible impact
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on current magnitude, maintaining relative consistency across the two scenarios with a tiny increase from 4.86
A without the filter to 4.97 A with the LC filter.
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Fig. 9. Red phase output voltage of the inverter without filter
i
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0
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Fig. 10. Red phase output voltage of the inverter with innovative LC filter
Table 2: Red phase THD, voltage and current analysis
THD (%) Voltage magnitude (V) Current magnitude (A)
Without filter 37.68 17.92 4.84

With innovative LC filter 0.47 23.83 4.98
0 SRR T LR R T
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Fig. 11. Blue phase output voltage of the inverter without filter
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Fig. 12. Blue phase output voltage of the inverter with innovative LC filter
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Table 3. Blue phase THD, voltage and current analysis
THD (%)  Voltage magnitude (V)  Current magnitude (A)
Without filter 37.69 17.93 4.86
With innovative LC filter 0.48 23.81 4.97

Significant distortion is shown in the inverter output voltage for the yellow phase (Fig. 13), which has a
negative effect on system efficiency. To address this, an effective and cost-effective LC filter is presented and
simulated using PSIM software. When this filter is integrated, the yellow phase voltage produces a distortion-
free sine wave (Fig. 14), demonstrating how well it reduces harmonic distortions. In high-power applications,
optimizing the sizes of capacitors and inductors as well as selecting a switching frequency of 5 kHz improves
the efficiency of the inverter. As shown in Table 4, Power quality has significantly improved when comparing
the line to neutral yellow phase voltage with and without a novel LC filter. With the novel LC filter, the total
harmonic distortion (THD) drops significantly from 37.71% without the filter to 0.48%, demonstrating a
noteworthy reduction in harmonic distortion. Furthermore, the voltage magnitude increases with the LC filter
from 17.83 V to 23.81 V, indicating that distortions or fluctuations in the voltage have been mitigated and that
the voltage level has become greater and more stable. The current magnitude, on the other hand, shows little
change in current magnitude between the two scenarios, increasing slightly from 4.86 A without the filter to
4.98 A with the LC filter.

0.002 0.0025 0.002 0.0025 0.004
Time (s}

Fig. 13. Yellow phase output voltage of the inverter without filter

0.002 0.0025 0.003 0.0035 0.004
Time {5}

Fig. 14. Yellow phase output voltage of the inverter with innovative LC filter

Table 4. Yellow phase THD, voltage and current analysis
THD (%)  Voltage magnitude (V)  Current magnitude (A)
Without filter 37.71 17.83 4.82
With innovative LC filter 0.48 23.81 4.95

3.2. Experimental validation

In a study conducted by Karami ez al. [52] an experimental investigation was performed to evaluate the
performance of a single-phase grid-connected inverter equipped with an LC filter for photovoltaic (PV)
applications. The inverter was tested under various operating conditions, including different load levels and
solar irradiance levels. The experimental results demonstrated a significant reduction in total harmonic
distortion (THD) of the output voltage waveform with the implementation of the LC filter. Specifically, THD
was reduced from 23.5% without the filter to 2.1% with the LC filter under full-load conditions. Additionally,
the voltage waveform was found to be smoother and closer to a sinusoidal shape with the LC filter, indicating
improved power quality.

In a study conducted by Li et al. [53] an experimental investigation was conducted to evaluate the
performance of a three-phase grid-connected inverter with an LC filter for renewable energy applications. The
inverter system was tested under varying load conditions and grid disturbances. The experimental results
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showed a significant reduction in total harmonic distortion (THD) of the output voltage waveform with the
implementation of the LC filter. Specifically, THD was reduced from 8.6% without the filter to 1.2% with the
LC filter under full-load conditions. Additionally, the voltage waveform exhibited reduced distortion and
improved sinusoidal shape with the LC filter, indicating enhanced power quality. B. Rajesh et al. [54] utilized
Matlab software in designing inverter circuit with and without filter and the result of his study was summarised
in Table 5.

Table 5. Total harmonic distortion, voltage and current [54]
THD in % Voltage (V)  Current (A)
Without filter  32.44 63.1 3.59
With filter 1.4 64.88 3.69

The experimental results from references [52] and [53], as well as the simulation results from reference
[54], provide valuable validation for the findings of this study regarding the effectiveness of the LC filter in
mitigating harmonic distortion in inverter circuit. These studies utilized LC filters and demonstrated a
significant reduction in harmonic distortion, with values ranging from 1% to 2.1%. Similarly, in this work, the
implementation of the innovative LC filter resulted in a drastic reduction of harmonic distortion to 0.47% in
the line to neutral red phase voltage and 0.48% in both the line to neutral blue and line to yellow phase voltages.
This consistency in results across different studies reinforces the effectiveness of the innovative LC filter in
mitigating harmonic distortion. The substantial reduction in harmonic distortion observed in your study
compared to previous works further validates the efficacy of the innovative LC filter design. Therefore, the
collective evidence from these studies provides strong support for the effectiveness of the innovative LC filter
in enhancing power quality by reducing harmonic

3.3. Result discussion

The results of the study demonstrate a significant improvement in power quality when comparing the line
to neutral red, blue, and yellow phase voltages with and without the novel LC filter. The implementation of the
novel LC filter resulted in a remarkable reduction in total harmonic distortion (THD), dropping from 37.68%
without the filter to 0.47% with the filter in the red phase, 37.69% to 0.48% in the blue phase, and 37.71% to
0.48% in the yellow phase. This substantial reduction in harmonic distortion emphasizes the effectiveness of
the novel LC filter in improving power quality by minimizing harmonic content in the output voltage
waveform. Moreover, the voltage magnitude experienced a notable increase with the LC filter, rising from
17.92 V t0 23.83 V in the red phase, 17.93 V to 23.81 V in the blue phase, and 17.83 V to 23.81 V in the yellow
phase. This increase in voltage magnitude suggests that distortions or fluctuations in voltage have been
mitigated, resulting in a more stable and higher voltage level. Conversely, the current magnitude exhibited little
change between the two scenarios without the filter and with the LC filter. This indicates that the innovative
LC filter effectively mitigates voltage distortions without significantly impacting current levels. Again, these
findings highlight the efficiency of the inverter equipped with the novel LC filter, making it suitable for
industrial applications, high voltage direct current (HVDC) systems, and integration into renewable energy
sources such as solar and wind.

4. CONCLUSIONS

In summary, this study presents a novel LC filter solution that effectively mitigates high harmonic
distortions in inverter circuits, offering significant improvements in power quality across all phases of the
signal. The findings demonstrate the practical viability of this approach in industrial, HVDC, and renewable
energy applications, as evidenced by the substantial reduction in total harmonic distortion and the notable
increase in voltage magnitude and stability. Moving forward, future research directions could focus on
optimizing the design and control strategies of the LC filter to enhance its efficiency and adaptability under
various operating conditions, as well as exploring its scalability and applicability in larger grid systems or
microgrid configurations to further advance the transition towards cleaner and more sustainable energy
systems.
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