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ABSTRACT

The growing use of renewable energies like wind and solar energy in the current
power systems has made it more important to seek more efficient and grid-compliant
techniques of converting power. Three-phase inverters are essential to bridge these
renewable sources to the utility grid but traditional inverter designs tend to have
high harmonic distortion that negatively affects the quality of power and non-

harmonic reduction conformity to grid requirements. In this paper, results have been provided about the

design of a low harmonic distortion three phase inverter based on an advanced pulse
width modulation (PWM) method, in this case, Space Vector Pulse Width Modulation
(SVPWM). The suggested technology effectively increases the use of the DC bus
voltage, as well as minimises the overall harmonic distortion (THD) in the output
signal, as compared to traditional Sinuoidal PWM (SPWM) techniques. An in-depth
mathematical model of inverter and control strategy is made and MATLAB/Simulink is
used to implement and analyse the system. The suggested SVPWM-based inverter is
also compared based on the THD, quality of the waveforms, and the stability of the
system. The results of simulation show that a significant decrease in THD is reached
with the values being within the thresholds provided by the IEEE, and it is
approximately 40 to 60 times better than the traditional techniques. In addition, the
efficiency of the suggested strategy is proven by the analysis based on the
experimental or, the prototype. The findings affirm that the designed inverter is very
appropriate in connexion to renewable grids with advance quality of power and
dependability.
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of the system. In addition, excessive harmonics can
be used contrary to international standards, including
IEEE 519 that states that Total Harmonic Distortion

1. INTRODUCTION

The recent development in the renewable energy

sources including photovoltaic (PV) systems and wind
systems has radically changed the nature of the
modern power system rendering grid integration
techniques to be efficient and reliable. Power
electronic converters especially three-phase inverters
are important in transforming DC power produced by
renewable sources to AC power to be connected to
the grid. These inverters are required to be balanced
in power, stabilised, and adapt the grid standards to
facilitate the integration easier [1], [5].

But among the significant difficulties linked with
grid integration based on inverter, there is the
occurrence of harmonic distortion in the output
voltage and current. The high harmonic content may
result in the negative effect of high losses, equipment
overheating, electromagnetism, and poor efficiency

(THD) should be kept within the apprehensible levels
(usually, less than 5%), [6], [12]. Consequently, the
reduction of harmonic distortion is a major criterion
in the current design of inverter.

Pulse Width Modulation (PWM) methods are
commonly used in order to regulate the inverter
switching and enhance the quality of output
waveforms. Sinusoidal PWM (SPWM) is primarily
deployed and is the most utilised type because of its
simplicity and simplicity in implementation.
Nevertheless, SPWM has drawbacks of ineffective DC
bus usage and higher harmonic distortion levels,
which are undesirable in high-performance grid-
connected applications [9]. To circumvent these
weaknesses, other sophisticated modulation methods
like Space Vector PWM (SVPWM) have been designed,
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which have better utilisation of voltage and lower
THD.

In this regard, this paper introduces the
construction of a low harmonic distortion three phase
inverter with an advanced PWM strategy in the
attempt to improve the quality of power to be
injected into the renewable grid. The suggested
method is aimed at minimising THD and retaining
system efficiency and stability of effectively
switching and optimal modulation.

Key Contributions

The principal contributions of this work can be

described as following:

e Technology Areas: Development of the three-
phase inverter model to be applied to the
renewable energy grid.

e Since advanced power switching method
(SVPWM) was implemented, its results are
primarily utilised by surgery robots.

e Great decrease in Total Harmonic Distortion
(THD) that is associated with traditional SPWM
techniques.

e Harmonic analysis of detailed analysis using FFT
and IEEE standards.

e MATLAB/Simulink
evaluation and
experiment.

simulation performance
(elective) validation with

2. LITERATURE REVIEW

Pulse Width Modulation (PWM) methods are crucial in
the experimental coding of switching behaviors of
inverters and directly impact the harmonic impacts of
grid-connected systems directly. Different PWM
methods have been proposed to enhance the quality
of the output waveform and minimise Total Harmonic
Distortion (THD) of three-phase inverters.

Sinusoidal Pulse Width Modulation (SPWM) is the
most popular method because it is simple and has
easy implementation. In SPWM, switching signals are
produced as a result of the comparison of a sinusoidal
reference to a high-frequency carrier signal. Even
though SPWM is commonly used, some of its failures
include reduced DC bus use and a comparatively high
harmonic distortion, particularly in variable load
circumstances [9]. Such disadvantages limit its
performance in high-performance application of
renewable energy.

In a bid to address these shortcomings, Space
Vector Pulse Width Modulation (SVPWM) has been
widely researched and used when three-phase
inverter systems are required. The spacevector

representation employed in SVPWM has the advantage
of reducing switching states and minimising harmonic
distortion and voltage utilisation in spacevector
representation is more efficient than in SPWM.
Research has revealed that SVPWM has a strong
influence on improving the inverter operation when
used in a grid-connected setup and the overall power
quality is improved [5], [10].

The other advanced method is Selective
Harmonic Elimination PWM (SHE-PWM), which is
aimed at removing certain lower -order harmonics
through solving nonlinear equations to establish
optimum switching angles. SHE-PWM can work well
with dominant harmonics, like the 5 th and 7 th
components, but it is a complicated calculation, and
would not be well-suited to real-time application in
dynamic systems [3], [11].

Comparison of these PWM methods shows that
SPWM is quite simple, but has poor harmonic
performance; SVPWM is a balanced method,
considering complexity and efficiency; and SHE-PWM
can be wused to selectively reduce harmonic
components, but at high computational cost. With
these developments, however, maintaining an
operating system with high reliability by consistently
lowbers of THD even in changes of operating
conditions is still a challenge in practical, grid-
connected inverter systems [6], [12].

Research Gap

Based on the available literature, the following gaps

in the research can be identified:

e The traditional SPWM-based inverters have high
THD, and limited use of DC bus, thus are not
appropriate to meet the current grid standards.

e The high-technology methods like SVPWM are
better yet they still need more optimization to
reach such low levels of THD in dynamic
operation.

e  SHE-PWM- Unlike the other two, SHE-PWM is not
well adapted in real-time use, but it is more
computationally intensive and optimised to
eliminate harmonic distortions in a renewable
energy system.

e There is a lack of literature on combining
effective  PWM and effective validation
(simulation + equipment) of renewable grid
system.

3. SYsteM CONFIGURATION

3.1 Three Phase Inverter Topology
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The proposed system rests on a three-phase Voltage
Source Inverter (VSI) that would be used to connect
the sources of renewable energy to the utility grid.
The VSI transforms DC input-power to a regulated

three-phase AC-power using high-frequency switching
following devices e.g. IGBTs or MOSFETs. The general
circuit comprises of DC source, inverter bridge,
output philtre and grid connexion as shown in Fig. 1.
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Fig. 1. Three-phase voltage source inverter (VSI) topology.

The inverter has three legs, each having two
complementary switches, to create a six switch
bridge configuration. Using proper techniques of
Pulse Width Modulation (PWM), the switching devices
can produce three-phase sinusoid output voltage. The
VSI topology is popular because it has a simple
structure, is easy to control, and can be used in
renewable energy applications. Appropriate switching
control is required to reduce any harmonic distortion
and bias the quality of the output waveform.

v

3.2 Interface of a Renewable Energy Source

The inverter takes input through a renewable energy
source like a photovoltaic (PV) system or wind
system. Here a DC source is modelled to describe the
output of a renewable energy system. Fig. 2 is used
to show the overall system-level layout, as well as
the renewable source, inverter, filter and grid
interface.

PLL

DC-DC

Converter

Renewable
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s

Inverter
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\ 4
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Fig. 2. Overall system block diagram (renewable source — inverter — grid).

In practise, a DC-DC converter can be employed
to control the voltage and guarantee constant
performances  within  changing  environmental
circumstances. A DC-link capacitor is used to keep the
inverter-linked DC voltage constant. Such capacitor
minimises variations in voltages and offers buffering
to the energy, and this is vital in the regular
operation of the inverters. Stable operation of a DC-
link voltage is directly involved in determining the

22

quality of the inverter output and it also helps to
minimise harmonic distortion.

3.3 Grid Connection Model

A filtering stage is provided to minimise switching
harmonics to enable the inverter output to be
connected to the utility grid. Usual filter
configurations would be L, LC and LCL filters. The LCL
filter is one of them and offers superior harmonic
attenuation compared to other types; it is aligned
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with most preferred grid-connected inverter systems.
The philtre facilitates the smoothing of the output
waveform and makes sure that it meets the standards
of power quality.

A Phase-Locked Loop (PLL) is used to grid
synchronise the voltage output of the inverter to the
grid voltage, both in frequency and phase. It is
necessary to have proper synchronisation in terms of
efficient transfer of power and stable functioning.
Exceptional control of filtering and synchronisation
allows the inverter to provide good quality power at a
lesser Total Harmonic Distortion (THD), making it fit
in the grid of renewable energy.

4. PWM CoNTROL STRATEGY
4.1 Conventional PWM (SPWM)

One of the most common methods used in the control
of three phase inverters is the Sinuoidal Pulse Width
Modulation (SPWM) as it is a simple method and easy
to implement. Based on SPWM, three sinusoidal
reference signals, which are phase shifted by 120
degrees, are compared with a high frequency
triangular carrier signal to produce gating pulses to
the inverter switches. The switching points between
the reference signal and carrier signal are calculated
to give the switching instants, which are generating a
quasi-sinuoidal output signal.

This, notwithstanding its simplicity, has a number
of limitations to SPWM. It has less DC bus voltage
usage and produces more harmonic distortion,
especially at lower frequencies of switching. These
limitations decrease its performance in use in high-
power quality in applications like integration of
renewable energy into the energy grid.

4.2 Proposed PWM Method (SVPWM)

Space Vector Pulse Width Modulation (SVPWM) is used
to remove the shortcomings of SPWM in this paper.
Such a sophisticated modulation is known as SVPWM,
which is the representation of three-phase voltages as
a single rotating vector at a two-dimensional plane
that is 2D with the alpha and beta axis. This method
allows the DC bus voltage to be used more efficiently
and gives a reduced harmonic distortion.

In SVPWM, the reference voltage vector is
produced, by switching between neighbouring active
vectors and zero vectors of a single sampling period.
The switching sequence will be designed to ensure a
minimum loss and harmonic content with the 3-phase
output balanced. Symmetrical switching patterns also

enhance better quality and less distortion to the wave
form.

4.3 Mathematical Modeling

The mathematical modelling of the PWM control
scheme is also vital to the development of
appropriate switching signals and low harmonic
distortion.

e Reference Voltage Generation:

e The three-phase reference voltages V,,V,, V. are
generated as sinusoidal signals and transformed
into a-B components using Clarke
transformation.

e Switching Time calculations are calculated using:

e Active and zero vectors time is computed
depending on the location of the reference
vector to a specific sector. It is based on these
switching times that define the length of each of
the vectors used during a sampling interval.

¢ Modulation Index:

e The modulation index mmm is given as a ratio of
the magnitude of the reference voltage to the
DC bus voltage. It regulates the amount of
output  voltage and affects harmonic
performance.

4.4 Switching Sequence and Gating Signals.

The switching times and the sequence of the vectors
calculated are used to generate the switching pulses
of the inverter. The gating signals are sequentially fed
to the inverter switches in such a way that it forms
the appropriate output waveform.

— Carrier, (5—20 kHz)

.

50 Hz

Switching Frequency: 10 kHz

Switch ON (1)

st 1 1T T 1] wosewmy:-s-10
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THD (SVPWM): -2-5%

e[ 1 [1 [ 1 [1 [ ]

| I—I I—| [ = } ﬁ DC Bus Voltage: V. 300~600 V
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Fig. 4. Switching sequence and gating signals for three-
phase inverter.

Fig. 4 illustrates, in the upper part, three sinuoidal
reference signals that represent the three phases
shifted by 120 degrees and a high frequency
triangular carrier waveform. The switching moments
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are calculated as the difference between the
reference signals and carrier signal, so when the
reference signal is larger than the carrier, the switch
goes ON and vice versa. The bottom section of the
figure displays the resulting gating signals (S1, S2,
S3), which are binary pulse sequences that would
switch the switches of the inverter. The width of
these pulses changes in correspondence to the instant
value of the reference signals creating a pulse width
modulation pattern.

The switching rate is greatly exceeding the
fundamental output rate, allowing the production of
a quasi-sinusoidal output signal after filtration. All
the phases have a 120 o phase shift, so the three-
phase works without any imbalance. Moreover, to
prevent short-circuit conditions, the inverter legs of
both upper and lower switches are complementarily
switched. When this switching order is properly
implemented, the distortion caused by harmonics is
reduced and the inverter output is better. In SVPWM,
optimised selection of vectors and calculation of
switching time further optimise the use of DC bus and
substantially lower Total Harmonic Distortion (THD),
resulting in overall better system operation.

5. HARMONIC ANALYSIS
5.1 Total Harmonic Distortion (THD)

An important performance parameter is Total
Harmonic Distortion (THD) which measures the
quality of the inverter output waveform. It is a ratio
between the root mean square (RMS) value of all the
harmonic components and the RMS value of the
fundamental component. Lower THD means a
waveform that is more like a theoretical sinusoid, and
this is a requirement when the signal is to be
connected to the grid.
The THD is mathematically defined as:
JVE+VE+ -+ 2
Vi
where V; is the RMS value of the fundamental
voltage, and V,,V;,...,V, are the RMS values of the
harmonic components.
Inverter systems cause harmonic distortion mostly
due to switching operations. Modern modulation
methods like SVPWM have much lower THD when
compared with the traditional SPWM, thus increasing
the quality of the output waveform.

THD = X 100%

5.2 FFT Analysis

The harmonic content of the inverter output voltage
is analysed by Fast Fourier Transform (FFT) analysis.

It gives a frequency-representation of the signal,
permitting the isolation of the separate harmonic
components.
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Fig. 5. FFT spectrum of output voltage.

It can be seen that the fundamental component
will be present at the base frequency (Fig. 5, 50 Hz),
and higher-order harmonics will be found at multiples
of the fundamental frequency. In systems with a
three-phase inverter, the most common harmonics
are the 5th and 7th. Unless these harmonics are
controlled, they can cause distortion of the waveform
and compromise the efficiency of the system.

Optimised PWM methods are used to minimise
the size of these harmonics, producing a cleaner
spectrum and lower THD. In SVPWM, especially,
switching states are more efficiently distributed,
which allows the minimization of harmonic distortion.

5.3 Standards

When using grid-connected inverter systems, it is very
necessary to keep the harmonic levels within
reasonable limits in order to promote power quality
and reliability of the system. Under the IEEE 519
standards, Total Harmonic Distortion (THD) of the
voltage across the output is expected to be less than
5 percent.

The offered inverter system should comply with
these standards with the help of the most
sophisticated PWM control methods and the adopted
filtering approaches. As the system decreases THD to
acceptable levels, it allows compatibility with grid
standards and improves performance across the board
in renewable energy systems.
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6. SIMULATION SETUP

The analysis and presentation of the proposed three-
phase inverter system are done in MATLAB/Simulink
to analyze the system with regard to the quality of
the waveform and Total Harmonic Distortion (THD).
The simulation environment offers a versatile tool to
simulate the use of Pulse Width Modulation (PWM)
methods, as well as to analyse the behaviour of a
system under varying operating conditions.

This system model can be composed of a number
of functional blocks, such as DC voltage source that is
used to represent the renewable energy input, a DC-
link capacitor that will help stabilize the voltage in
the circuit, a three-phase Voltage Source Inverter
(VSl), a PWM generator (SPWM/SVPWM), an output
filter (L/LCL) and a three-phase grid/load model. The
PWM block creates switching pulses using the
reference signal and modulation method and then
applied to the inverter switches to create the
desirable AC output.

Important parameters that are chosen according
to the values used in the simulation include DC input
voltage, switching frequency, and type of load that
are representative of real-world operating conditions.
The frequency of switching is relatively large
compared to the fundamental frequency so as to
achieve good harmonic reduction. A balanced three-
phase resistive or RL load is generally viewed in order
to measure system performance.

6.2 System Parameters

The main parameters used in the simulation are
summarized in Table 1.

Table 1. System parameters used in simulation.

Parameter Symbol | Value
DC Input Voltage Ve 400 V
Fundamental Frequency f 50 Hz
Switching Frequency f. 10 kHz
Modulation Index m 0.9
Filter Inductance L 2 mH
Filter Capacitance c 10 pF
Load Type — RL Load
Load Resistance R 10 Q
Load Inductance Livad 5mH

The simulation model is constructed using the steady-
state conditions, and the output voltage and current
waveforms are studied with the help of FFT analyses
used in MATLAB/.Simulink. The efficiency of the
suggested PWM method in the eradication of

harmonic  distortion and enhanced  system
performance is determined by the results of the
obtained simulation.

7. ResuLts AND Di1scussion

7.1 Output Waveforms

The three-phase inverter proposed is analysed by
simulation in MATLAB/Simulink. The efficiency of the
PWM control strategy is by examining the output
voltage and current waveforms. The inverter
generates balanced three-phase sinusoidal waveforms
at a phase shift of 120 o which are a sign that the
system is operating well.

400 = e e e e

300

n
o
o
>

Voltage (V)
=]
= -—r-

Time (s)
Fig. 6. Three-phase output voltage waveform.

As illustrated in Fig. 6, the output voltages are
almost sinusoidal and distorted to minimum extent.
PWM techniques that are highly advanced are used to
produce smooth waveforms that are necessary in grid-
connected applications.

7.2 THD Comparison

In order to measure harmonic performance, Total
Harmonic Distortion (THD) of the output voltage is
measured under both traditional SPWM and the
proposed method, PWM (SVPWM). The findings are
that there is a considerable decrease in THD using the
proposed method.

Table 2. THD comparison between SPWM and proposed

PWM technique.
Method THD (%)
SPWM 8.5%
Proposed (SVPWM) 3.2%

The proposed SVPWM method achieves approximately
62% reduction in THD compared to SPWM,
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demonstrating its effectiveness in improving power
quality.

% THD

SPWM Proposed PWM

Fig. 7. THD comparison bar chart.

As illustrated in Fig. 7, the proposed PWM
technique significantly lowers THD, ensuring
compliance with grid standards.

7.3 FFT Results

The harmonic content of the inverter output voltage
is analysed by means of FFT analysis. It has been
found that the lower-order harmonics dominating
(the 5th and 7th) are highly diminished in the
suggested method. The spectrum of harmonics proves
that the waveform is more similar to a sinus
waveform.

7.4 Performance Evaluation

The entire systems performance is analysed in regard
to stability and power quality. The inverter is steady-
state and produces a constant voltage and frequency.
The realisation of the offered PWM method enhances
the utilisation of DC bus and minimises switching
losses.

Moreover, the decrease in THD improves power
quality, reduces losses and reduces grid
incompatibility. The findings verify that the suggested
inverter system is appropriate to integrate with
renewable energy, which will be reliable and efficient
to use.

8. EXPERIMENTAL VALIDATION

To further establish the efficiency of the proposed
low harmonic distortion three-phase inverter,
experimental prototype is created and a testing is
conducted in a real operating situation. A DC power
supply, three phase Voltage Source Inverter (VSI)
based on power semiconductor switches (IGBTs /
MOSFETs), a gate driver circuit, and a digitally

controlled device such as a DSP, FPGA or
microcontroller generates PWM signals is the
hardware implementation.

The digital controller applies the SYPWM control
algorithm which is a proposed PWM technique to
produce accurate switching pulses. Isolated gate
driver circuits include matching wiring of these pulses
to the inverter switches in order to positively operate
safely and reliably. A DC-link capacitor is incorporated
to stabilise the input voltage - an L or LCL philtre at
the output level is meant to dampen the switching
harmonics.

With a digital storage oscilloscope, the output
voltage and current flow is measured. Experimental
results indicate the correct operation of the inverter
has been affected by observed three-phase sinusoidal
waveforms that are characterized by a 120-degree
phase difference. The quality of the waveform is
much better than the traditional ones and it has
lower distortion and more complementary output.

A power quality analyzer is needed to measure
the Total Harmonic Distortion (THD) in order to
estimate the degree of harmonic performance
quantitatively. The known values of THD are
determined to be acceptable, and they are usually
below 5 percent grid standard. The model and control
strategy in question prove to be accurate as the
experimental THD results are almost equal to the
results of the simulation.

In general, the experimental analysis shows that
the suggested inverter system can reach a better
quality in the power, less harmonic distortion, and
stable operation, which is why it can be used during
renewable energy integration into the grid.

9. DiscussIioN

The three-phase inverter proposed using the latest
PWM technique shows great improvement in the
harmonic performance and total system efficiency.
The key benefit of the proposed approach is a low
Total Harmonic Distortion (THD) with high utilisation
of the DC buses. The adopted SVPWM method also
generates fewer harmonic content output waveforms
with smooth output signals as compared to the
conventional SPWM, thus leading to higher power
quality. The switched sequence is also optimised to
minimise switching losses and maximise system
efficiency, which is why the inverter is more
applicable to renewable energy.

In practical terms, the presented design of
inverter can be utilised on a large scale, in grid-
connected renewable energy systems, including
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photovoltaic and wind power plants. This lower THD
will comply with grid standards and reduce problems
with voltage distortion, equipment overheating, and
electromagnetic interference. Moreover, the standard
power electronic components and digital control
platforms (DSP/microcontroller) enabled the system
to be very cost efficient and practical in real world
implementation. The high quality of the waveform
also increases the longevity and the dependability of
the grid infrastructure and linked loads.

In spite of these benefits, there are some
shortcomings in the system proposed. Use of
sophisticated PWM methods like SVPWM also brings up
even more complexity in computation than using
ordinary SPWM, which means more complex
controllers are needed. Also, switching frequency and
philtre design will affect the system performance and
can add cost and complexity to system design.
Further optimization and robust control measures
may also be necessary in real-time implementation in
highly changing conditions.

In general, the proposed approach offers a
reasonable trade-off between performance and
complexity, which will be a viable and effective
approach in offering a low harmonic distortion
inverter system in the renewable grid integration.

10. ConcLusion

In the present paper the design of a low harmonic
distortion three-phase inverter to enable integration
into a renewable grid was described using a
sophisticated Pulse Width Modulation (PWM)
approach. This work was aimed at enhancing the
quality of the power by minimising the Total
Harmonic Distortion (THD) with the introduction of
Space Vector Pulse Width Modulation (SVPWM). A
system model was elaborated comprising of inverter
topology, control strategy, and grid interface, which
was tested in MATLAB/ Simulink and experimentally
examined.

Its outcome proved that the suggested approach
leads to a substantial increase in the quality of the
generated waveform in the context of traditional
SPWM approaches. Significant improvement in THD
was realised, leaving the harmonic levels well within
the acceptable limits as outlined in grid standards.
The enhanced waveform properties, as well as better
use of DC bus and stability of the system, justify the
success of the proposed method.

The invented inverter system is highly applicable
in applications involving renewable energy like
integrating photovoltaic and wind power that would

require to maintain a power quality and conformity to
the grid. The capability to provide steady and low
distortion output makes the system dependable to be
implemented effectively in the current power system.

Further development in the future can involve
incorporating the intelligent control mechanism,
including use of artificial intelligence-based PWM
methods fuzzy logic and neural network to further
improve the performance. Also real time optimization
and adaptive control plans can be investigated in
order to enhance system response in dynamic
operating conditions.
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