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ABSTRACT

Background: Grid-connected inverters play a vital and efficient role to integrate dis-
tributed renewable energy sources with micro or national grids.

Motivation: However, the connection between power inverters and the utility grid has
been seen to be liable for several stability concemns in a weak grid. The insertion of power
from distributed energy resources into the grid is a challenging task due to continuously
varying grid impedance and frequency which affects the stability margins in response and
the mverters become vulnerable to instability. Moreover, the grid impedance boosts the
harmonics in the grid voltage which further degrades the performance of grid-connected
inverters. These voltage harmonics penetrate into the Phase-Locked Loop (PLL) and reach
the control unit of the inverter which in tum increases the total harmonics distortion in the
current entering the grid from the inverter.

Method: The main objective of this research is to establish a novel strategy that decreases
the influence of grid impedance and frequency variations on the performance and stability
of a grid-connected inverter. This research contributes twofold: one is a new multilevel
inverter topology along with an equal voltage source sharing algorithm and the other is its
adaptive hybrid control unit. The advantages of the proposed grid-connected multilevel
inverter are i) decreasing stress on switching transistors, ii) improving power handling ca-
pability iii) decreasing the rate of change of voltage (dV/dt), and iv) producing lesser
harmonic distortion within the output current. Moreover, the multilevel inverter architec-
ture is also more appropriate for photovoltaic power plants to connect it to the grid. The
control unit of the proposed system further consists of two parts: one is the synchronous
framed current controller, and the other is stationary framed adaptive harmonic compen-
sators. The grid current controller ensures that regulated current is injected into the grid. It
is not suitable to implement harmonic compensators in a synchronous reference frame due
to tedious computation complexities. Therefore, the stationary reference frame is adapted

for harmonic compensators. Due to the narrow bandwidth of stationary framed compen-



sators, they cannot handle the variations in grid frequency and this problem is resolved by
designing adaptive harmonic compensators which adapt their parameters according to the
instantaneous frequency of the grid voltage extracted by the phase lock loop circuit. The
proposed design is evaluated with the help of case studies: first, a three-level weak grid-
connected inverter is designed and tested to validate the working of the control technique
proposed in this research, and then the control technique is validated for a nine-level re-
duced switch cascaded multilevel inverter connected with a weak grid.

Results: The proposed hybrid adaptive control enhances the performance by decreasing
total harmonic distortion (THD) and improving the stability under the distorted voltage,
variation in impedance, and variations in the frequency of the grid.

Impact and utility: The findings of the research show that the system becomes less sensi-
tive to voltage distortions, changes of grid impedance, and frequency variations of the grid
which makes the proposed technique very appropriate to the stability performance applica-

tions.

vi
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CHAPTER 1
INTRODUCTION

The demand for electricity is continuously increasing worldwide due to a variety of fac-
tors like economic development, population growth, and an increase in the use of elec-
tronic devices. In order to meet this growmg demand, more electricity must be generated,
transmitted, and distributed. This can be done through a variety of means, including the
construction of new power plants and the expansion of existing ones. However, meeting
the increasing demand for electricity can also pose challenges, such as the need for new
infrastructure and the potential environmental impacts of electricity generation.

Conventional methods of electricity generation are based on fossil fuels like oil, coal,
and natural gas are largely used around the world. These methods can be relatively inexpen-
sive, but they also have serious environmental and sustainability impacts. The combustion
of fossil fuels releases dangerous greenhouse gases, like methane and carbon dioxide, into
the atmosphere, which are factors behind climate change and are producing many adverse
effects. The extraction and transportation of fossil fuels can also have negative impacts on
the environment, including air and water pollution and habitat destruction. In addition, fos-
sil fuels are non-renewable energy resources which means that they will eventually deplete.
As aresult, they are not a sustainable long-term solution for eleciricity generation.

Nuclear energy is another form of conventional electricity generation. While it does not
produce greenhouse gases when generating electricity, it does have other environmental and
safety concerns. The disposal of nuclear waste, for example, can be a major challenge, and
there is the potential for accidents at nuclear power plants. In addition, the construction
and decommissioning of such power plants are expensive and time-consuming,.

Overall, while conventional methods of electricity generation can be cost-effective in

the short term, they have significant impacts on thc cnvironment and may not be feasible



and sustainable in the long run. Therefore, recently interest has grown in using RERs as an
alternative to conventional energy resources.

The use of renewable energy (RE) resources can also have economic benefits. While
the initial costs of setting up RE systems may be higher than those for conventional energy
sources, RE often has lower long-term costs due to the fact that it does not require the con-
tinuous purchase of fuel. In addition, RE can help to reduce the need of fossil fuels, which
are subject to price fluctuations and may become more expensive over time. Overall, RE
is a sustainable and cost-effective source of electricity that can help to reduce the environ-
mental impact of energy generation and support a transition to a low-carbon economy,

RE resources harvest energy from natural sources, such as sunlight, wind, water, and
geothermal heat. It is 2 distribative energy resource because it can be generated and used lo-
cally, rather than being centrally produced and distributed over long distances. This makes
it an attractive option for communities and individuals who want to reduce their reliance on
fossil fuels and increase their energy independence. RE techniques, like photovoltaic pan-
¢ls and wind turbines, can be installed on a small scale, making it possible for individuals
and communities to generate their own electricity. Additionally, RE sources are sustainable
and have a low impact on the environment, making them a more attractive option.

One of the main challenges of relying on RE resources is that they are often intermit-
tent. For example, solar panels only produce electricity when it is daytime and the sun is
available, and wind turbines only harvest energy when the wind is blowing. The continuity
of energy can be obtained by adding energy storage systems where excess energy can be
stored. 5o that it can be used when the RE resource is not producing enough power.

Storing electrical energy from RE sources can be done using various technologies. One
common method is through the use of battery storage systems, which can store excess
energy generated by renewable sources and release it back when needed. Another option is
through the use of pumped hydroelectric storage, which involves pumping water uphill to

a reservoir when excess energy is available and releasing it back down through a turbine to



generate electricity when demand is high. Other methods of storing RE on the grid include
compressed air energy storage and flywheel energy storage. The choice of technology
depends on the specific needs and resources of the location where the energy is being
stored.

Another very low-cost method of storing excess energy from RE sources 13 storing en-
ergy on an altemating current (AC) grid using grid-connected inverters. The grid-connected
inverters are used to convert direct current (DC) electricity, which is the type of electricity
produced by RE sources such as solar panels, into AC electricity, which is the type of elec-
tricity used on the grid. The AC electricity is then fed into the grid at the point nearer to the
energy sources. The advantage of using inverters to store energy on the grid is the efficient
use of excess energy produced by renewable sources, as it can be stored on the grid and
used when demand is high.

It is important to note that in the legacy grid, there is no direct storage in the power
grid but indirect storage can be used for this purpose. For example in our country, most of
the electricity is generated through hydropower plants where the water can be stored in the
dam as the reservoir of energy and the water can be released as per the requirement of the
load. During the daytime when solar panels are generating power and the grid-connected
inverter (GCI) injects that power into the grid. Then the water remains in the reservoir, and
it can be released at nighttime. Thus, the surplus energy of solar panels can be injected
into the grid and the users can get the energy again at night. The energy entering the grid
can share the load on the hydropower plant in the daytime. The crux of the point is that
solar energy shall be utilized merely in the daytime which will have an energy saving for
the dam while hydropower will be dealing with the load in the nighttime when solar energy
will not be available. Similarly, in the case of thermal power plants connected to the grid
reserve fossil fuels during the daytime when energy enters from solar panels, and at night
the thermal powcr plant runs by using the fuels reserved in the daytime. The theme looks

like the energy is stored in the grid indirectly during the daytime and used at night.



Thus, this type of storage method is cost-effective. The inverters used for this purpose
are called GCIs. Due to the important role of GCIs used for the integration of RE sources
with utility grids, a lot of recent developments have been made in the area of the design
and control of GCIs. Most of the work is focused on increasing the efficiency, cost, quality
output, and stability of GClIs. The efficiency and stability of GClIs highly depend on the
nature/strength of the grid available at the point where the inverter is connected with the
grid. The inverters that are stable where the grid is strong but are not guaranteed to be stable
if connected at places where grid characteristics of the grid are weak unless they have wide
bandwidths. The stability issues can further rise when there are paralle] inverters connected
nearer to each other.

The strength of a grid can be described in two ways, grid impedance (Z,), and short
circuit ratio (SCR). The SCR can be defined as the ratio of the short circuit power at the
point of common coupling (PCC) and the rated power of the inverter. The grid is considered
as weak if the SCR is less than 10 while the grid is strong if SCR is above 20. Therefore,
the increase of the rated inverter power or the transmission impedance will reduce the SCR
which as a result makes the grid weaker. The PCC voltage can vary easily when a large
amount of active power is injected into a weak grid. Moreover, the strength of a weak grid
also depends on Z,. A strong grid has near to zero Z; and a weak grid has a large Z;. The
inverter should be robust enough that can be connected at either condition.

In this research, a hybrid adaptive control technique is proposed to make the GCls
robust against Z, and frequency variations. Moreover, it produces less total harmonic dis-
tortion (THD) in the current injected into the grid. The proposed solution can also work
effectively when there is a variation in grid frequency. Moreover, a2 new multilevel inverter
(ML) topology with equal sharing of voltage source sharing is proposed which further im-

proves its performance.



1.1 Background

Due to the increasing electricity demand, more power planis are needed to be connected
to the existing grid, it would require an increase in the capacity of the existing grid to ac-
commodate more power plants. One solution to increase the capacity without increasing
grid infrastructure is to add power through distributed energy resources (DERs). There-
fore, DERs can help to increase the capacity of the electrical grid in a number of ways.
First, DER systems can generate electricity locally, reducing the need to transmit power
over long distances and potentially reducing the risk of transmission losses. This can help
to increase the overall capacity of the grid by making more electricity available to con-
sumers. Additionally, DER systems can help to reduce the peak demand for electricity. For
example, the use of solar panels can reduce the demand for electricity from the grid during
the middle of the day when solar radiation is highest. Finally, DER systems can provide
additional capacity to the grid during times of high demand or when there are disruptions
to the traditional power supply. For example, energy storage systems such as batteries can
release stored electricity back inte the grid during times of high demand or when there is an
outage. These DERs can be connected with an AC grid with the help of GCIs. Therefore,
GCls not only supply surplus energy to the grid to save it but also enhance the capacity of
the existing grid and reduce transmission losses.

A GCl is a type of power electronic device that converts direct current (DC) electric
power generated by RE sources into altenating current (AC) synchronized with the voli-
age of the electric grid. This allows households and businesses that generate their own
electricity to feed excess power back into the grid.

The development of GCIs can be traced back to the early days of solar power gen-
eration. In the early 20f* century, solar power systems were primarily used in isolated
applications such as the lighting in remote locations. As technology advanced, researchers

began experimenting with ways to connect tliese systems 1o the electric grid.



The first GCI used in solar power systems were relatively simple devices that primarily
served to match the voltage of the solar system to that of the grid. But as technology
continued to advance, inverters became more sophisticated, incorporating features such as
maximum power point tracking (MPPT) to optimize the energy generated by solar panels,
and communication protocols to allow for monitoring and control.

The development of GCls also influenced the growth of small-scale RE development.
The ability to connect RE system to the grid allows for a more distributed way of generating
energy, it also increased the penetration rate of RE within the grid and help to reduce.
greenhouse gas emissions. A GCI plays a crucial role in the integration of RE sources with
the electric grid, whether it is the legacy grid or the smart grid.

The legacy power system architecture is given in Figure 1.1 where the power is gener-
ated at the central stations and utilized at far-distanced utilities. The power is transported

through transmission and distribution lines.
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Figure 1.1: The legacy power grid structure [1].

In the legacy grid, a GCI acts as an intermediary between the RE source and the electric
grid, converting the DC electricity generated by the source into AC electricity that can

be fed back into the grid. However, the legacy grid is not designed to accommodate the



integration of large amounts of DERs such as RE systems. This can lead to challenges
such as voltage fluctuations and power quality issues.

The smart grid, on the other hand, is a modernized electric grid that incorporates ad-
vanced technologies such as two-way communication, automation, and advanced metering
to improve the integration of DERs as shown in Figure 1.2, GCls in a smart grid can use
these technolqgies to optimize the integration of RE sources with the electric grid by com-
municating with the grid to ensure that the voltage and frequency of the power generated
by the renewable source match that of the grid. Additionally, smart GCIs can aiso help to
improve the overall performance of the grid by providing additional services like frequency

regulation and voltage support.

Figure 1.2: The smart grid conceptual architecture [2].

In short, grid-connected converters are the core components within the distributed grid-
connected power generation system. A lot of research and development work has been
done in the past and is concentrated on the topological improvement of inverter designs

like multilevel inverters(MLIs), matrix converters, and Z-source inverters. The recent de-



velopment is focused on developing robust control techniques capable of reducing total
harmonic distortion and increasing the power transfer efficiency [3]. For that purpose,
control techniques were developed to regulate the voltage, frequency, and phase of the
converter waveform while they are connected to the grid or even in islanding mode. A
comprchcnsivé literature on converters is found in [4].

In grid-connected applications, most of the inverters used are current-controlled which
uses the concept of pulse width modulation (PWM). The PWM modulation index can be
controlled with different techniques from the control theory to transfer the desired power
to the grid. The configuration of control and modulation scheme used in power electronic

converters is shown in Figure 1.3.
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Figure 1.3: The Configuration of modulation and control scheme of voltage source invert-

ers [3].

Most of the control techniques developed are based on the assumption that the grid is
static, but in reality, grids have time-varying parameters. Thus, the control techniques de-
signed based on static parameters may result in an unstable system if the designed converter
is placed at different locations where the grid changes from strong to weak. Therefore, ro-
bust and adaptive control is needed in GCI, which can handle distortions, disturbances, and

variations in the grid like Z; and frequency.



A grid can be categorized as a stiff grid (strong grid) or a weak grid on the bases of
its parameters. The stiff grid has a high short-circuit current due to low impedance and is
capable of keeping the regulated voltage regardless of load variation. The impedance of a
stiff grid is considered negligible. Therefore, the inverter with a smaller output impedance
can remain stable. On the other hand, the short circuit current of a weak grid is small due
to relatively high impedance, it has poor voltage regulations and it can result in unstable
GCI if not properly controlled (6].

The grid-connected converters need to be plug-and-play irrespective of the properties of
the grid. Therefore, again a robust and adaptive controller is required for grid-connected ap-
plications. In addition, the controllers of grid-connected converters must be robust enough
to handle grid parameter variations. The distributed generators are usually located at util-
ities which are located at the far end of the distribution network. The far-end distribution
lines are of low voltages and are connected through transformers with the transmission line
which results in an increase in the Z;. In Figure 1.4, a scheme of the PV home connected
to the grid is shown. The resistive part of Z, does not affect the stability of GCIs but the

inductive part of the Z; can variate the stability margins of the GCls.
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Figure 1.4: The network combines the high voltage (HV) distribution system with the

utilities.

In order ta develop robust and adaptive control strategies for a GCI, an accurate math-



ematical model of the system is needed. An average switched model of the GCI is used in
this research [7].

Researchers have come up with a variety of controllers designed especially for grid-
connected applications using the average switch model as a foundation. These controllers
have undergone extensive testing, which has resulted in substantial gains in their general
performance. Numerous articles that are appropriately referenced contain thorough expla-
nations of these novel inverters [8, 9, 10].

The grid-connected inveriers face more stability challenges when they are connected
to weak grids. The operational environment becomes more difficult in these situations be-
cause the grid impedance, grid frequency, and grid voltage exhibit variations. In the cited
papers [8, 9, 10], it is concluded that they emphasized how important it is to address these
issues of grid impedance and frequency variation to guarantee the steady and reliable oper-
ation of grid-connected inverters. Thus, the importance of controllers increases particularly
in scenarios with changeable grid conditions. More detail is given in Chapter 2.

In this research, a hybrid control techmique is proposed for the GCI which works in
synchronous and stationary frames simultaneously. The current regulator is a classical pro-
portional integral controller which is capable to handle small variation in grid frequency
and the harmonic compensators are proportional resonance controller which has a narrow
bandwidth and is not able to handle the grid frequency variation. Therefore, adaptive reso-
nance harmonic compensators are proposed to handle the frequency variations. Moreover,
the control strétcgy proposed in this research consists of multiple control loops. Figure 1.5

depicts the block diagram of the method used for the control of GCI.
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Figure 1.5: Block diagram of proposed system.

1.2 Problem Statement

The rapid adaptation of RE systems resuits in power electronic-based power systems (PEPS).
These PEPS have lower mechanical and electrical inertia but more capacitive and inductive
components, which make the PEPS network more likely to have resonance and oscillations.
Consequently, unpredictable system dynamics may be observed. Due to these factors, the
potential for stability and power quality issues have become a challenging task. Previously,
the inverters were designed and stabilized by considering static grids, but recently it has
been found that the variation of Z, can destabilize the inverters. It is also found that the
Z4 affects the performance of GCIs and can affect the THD of current injected into the
grid. Moreover, this effect becomes more severe when there are parallel inverters near to

each other. The paralle] operation significantly enhances the overall network resonance and
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stability problem. In the presence of Z,, the grid frequency variation brings even more in-
stability to the system. Therefore, the aim of this research is to design a robust and adaptive

control technique for GCIs to make the system more stable and efficient.

1.3 Objectives of the Research

The objectives of this research are:

1. To design an inverter that injects fewer harmonics into the grid and can handle more

power.

2. To propose a control law for a GCI that works under the variation of Z, and is stable
even when a large number of inverters are connected close to each other in a parallel

configuration.

3. To design adaptive harmonic compensators to handle grid frequency variations.

1.4 Significance of the Research

Renewable distributed power generation is expected to play a key role in the future to en-
hance the capacity of electrical grids. Distributed power generation along with its efficient
and reliable integration into the accessible grid can provide the possibilities to overcome
energy shortages which is a common problem in developing countries. Moreover, RE uti-
lization can decrease carbon emissions and play a significant role to produce green energy.

The important feature of the proposed system is that it makes the GCIs compatible with
weak grids. Also, the designed adaptive harmonic compensators are suitable for PEPS
where grid frequency has the possibility to vary due to lower inertia. Hence, as the pro-
posed system has robustness against Z, variation and has adaptive harmonic compensators,
therefore, the proposed GCI is an appropriate inverter for a wide area network where the

impedance of the grid can variate.



1.5 Contributions of the Research

The author contributed to the control and topology of GCI in this research. The contribu-

tions are listed as:

1. Designed a hybrid adaptive controller for 3-level GCI to regulate current and sup-
press harmonics. The current regulator is a fixed value controller working in the
synchronous reference frame and harmonics compensators are adaptive working in
stationary reference frames. The proposed solution is robust and has promising re-
sults under distorted grid voltages, Z, variation, and grid frequency variation. This

work is published in [11],

2. Designed and implemented cascaded symmetric multilevel inverter with a reduced
number of controlled switches having equal sharing of voltage sources. This work is

published in {12]

3. Did the comparative study on minimization of conduction and switching losses in
cascaded multilevel inverter via reduced switches and equal voltage source-sharing.

This work is published in [13]

4. Designed 2 hybrid adaptive controller for reduced switched cascaded MLI for grid-
connected applications having the feature of equal source utilization. It is found that
it has more promising results than the 3-level inverter and is more robust against Z,

and frequency variations. This work is submitted for publication to IEEE Access.

1.6 Thesis Layout

The research is related to the integration of DERs with a weak grid. The research procedure
is divided into different phases to achieve the goal in a systematic manner. The following

are the sequential phases of the research methodology:
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1.6.1 Review of Literature

During this phase of research, a comprehensive study of converters’ topologies js con-
ducted. The recent trends in power converters and their control are studied. Moreover, the
recent development in grid-connected converters is comprehensively studied. The study
conducted for the literature survey is presented in chapter 2 of this thesis. Where the
discussion starts with inverters in general and then the discussion is narrowed down to a
voltage source single-phase GCI. Later, in the same chapter, the discussion is limited to the
current control of GCls. Finally, a cascaded symmetric MLI is found suitable to enhance it
further. It is found that GCI in weak grids faces challenges of stability which is considered

as the research gap.

1.6.2 GCIs Modeling and Analysis

In this phase, a mathematical model of GCI is derived by using an average switch control
technique and analyzed with the help of simulations which is presented in chapter 3. More-
over in this chapter, the grid voltage feed-forward is also discussed, and through analysis
of the existing techmology used for GClIs, the second-order generalized integrator (SOGI)
based voltage feed-forward technique is opted for the proposed GC1. The impedance-based

stability analysis is also discussed in this chapter.

1.6.3 Design and Control of 3-Level GCI

In this phase of research, the proposed hybrid adaptive control of the inverter is designed.
To check the validity of the proposed design it is tested for 3-level GCI. In chapter 4, the
model of GCI based on the proposed control technique is represented. The average switch
control model is also derived. A detailed study of synchronization, the current controller,
and the adaptive harmonic compensator is conducted. The stability of the proposed system
is tested, and the performance is evaluated by using computer simulation. The results are
evaluated by using different cases. In case study I, the stability and total harmonic distor-

tion of the inverter are tested by changing the Z,. In case study 2, the results are extracted
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and evaluated by changing the grid frequency. Moreover in this chapter, the results are also

compared with the existing technique to show its effectiveness.

1.6.4 Design and Control of Reduced Switch Grid Connected MLI

In this phase, the hybrid control of GCI is implemented for the reduced switch MLI topol-
ogy proposed by the author where an additional feature of equal voltage sharing is imple-
mented through PWM by using a pseudo-code which is explained in chapter 5. In chapter
5, the control design proposed in Chapter 4 for the 3-Level inverter is applied to the reduced
switch MLIL The new designed GCI is tested and evaluated through computer simulation
and promising results were found. The results are categorized in three different cases. In
case study 1, the multilevel GCI is tested for three different Z, and the total harmonic
distortion in the current entering the grid is observed. In case study 2, the frequency adap-
tiveness has been tested. In case study 3, the power handling capability of the design is
tested. On the bases of better performance in all three cases, it is concluded that the results

are promising.

1.6.,5 Conclusion and Fature Work

In the last chapter of the thesis, the conclusions of the research are presented and the direc-

tions for future work are given.
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CHAPTER 2
LITERATURE REVIEW

Grid-connected inverters(GClIs) work as the core component in the integration of dis-
tributed energy resources with an existing AC grid. Due to the importance of GCI, a lot of
research and development has been done in this area. The literature on GCls reveals that
there are two main areas of research in GCls, to which the researchers are contributing.
Some of them are focused on the topologies of GCIs and the focus is on power handling
capability, efficiency and decreasing the size and cost. While the others are focused on
control techniques. Both of these domains have their own significance and importance in
different applications. In this chapter, a detailed study of GCls is conducted. Which covers
the topologies used for GCls including 3-Level and MLIs along with its control consisting
of synchronization, current controller and harmonic compensator. Moreover, stability anal-

ysis techniques used for GCIs are also covered in this chapter.

2.1 Grid-connected Inverters

The GClIs can be classified into single, three, and multi-phase inverters. Single-phase GCls
are used to convert DC eleciricity from RE sources, such as solar panels, into AC electric-
ity that can be fed into the electrical grid. They are typically used for small-scale power
generation, such as in residential homes. Three-phase GCls are used for larger-scale power
generation which is often used in commercial and industrial settings. These inverters con-
vert DC eleciricity into three-phase AC electricity, which is more efficient for larger loads
and long-distance ransmission. They also synchronize the generated AC voltage and fre-
quency with the grid voltage and frequency, so that the generated power can be fed into the

grid. Multi-phase GCIs are an extension of three-phase inverters. They are used to gen-
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erate more than three-phase AC power and feed it into the grid. They are mostly used in
high-power applications such as power plants and wind turbines. They are used to generate
more complex and efficient power systems. It’s important to note that GCIs must comply
with safety and power quality standards set by regulatory bodies in order to ensure stable
and safe operation of the power grid.

Any one of these inverters can be selected as per the requirements of the application.
Here, a single-phase inverter is designed, therefore single-phase inverter is discussed in
this chapter. DERs are abundantly available in rural areas where the grids behave like weak
grids due to the long distance of distribution lines. Therefore, the research is focused on
inverters designed for weak grid applications. In Pakistan, the utilities in rural areas mostly
have single-phase connections. Therefore, the proposed design is also a suitable solution
that can be implemented in Pakistan.

In RE systems different types of voltage, current and Z- source inverters are used to
inject power into a grid [14, 15, 16, 17]. Each [14],[15], [16] of these inverters has its own
advantages and disadvantages but due to more applications of voltage source inverters,
these inverters are commonly available. Therefore, this specific type of GCIs is focused in
this research to improve its stability and efficiency.

RE resources can be connected to the grid by using two types of controlling techniques
that are single-stage control and two-stage control. In the single-stage strategy, there is a
single control umit connected to GCI, that is responsible for maximum power point tracking
(MPPT) as well as injecting synchronized and stable power to the grid. While in the two-
stage strategy, MPPT is achieved via first stage controller, connected to some converter
(buck or boost) and synchronized power is injected into the grid via second stage controller
which is connected to GCI [15, 18]. A detailed study on comparison of these single and
two-stage GCIs is conducted in [19]. As the prime aim of this research is the inverter
performance and stability, therefore the contributions of the author are to the second stage

which is the inverter and its control unit. Therefore, in this research, the two-stage control
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strategy is adopted and the discussion is limited to the second part. Hence, the RE source
and the maximum power point tracking circuit are replaced with a fixed DC voltage source.
The GCIs can also be classified on the basis of the nature of power or current injection
to the grid. There are two types of GClIs one is injecting a reactive power to the grid while
the other is injecting real power to the grid [20, 21, 22]. In this research, the active power
transfer is adapted, where the grid voltage is synchronized with the inverter current by
using Phase Lock Loop(PLL) technique. The active power injecting GClIs can be divided
nto further two types, one is transformer-based GCls while the other is transformer-less
GCls [4]. In this research, transformer-less GCI is designed and its control is presented.
One of the classifications of GClIs is based on the inverter’'s output waveform before
passing it through the LCL filter, Thus GCIs can be classified into three types: Bipolar
(2-level inverter), Unipolar (3-level inverter) and MLI(n-level inverter where 'n’ can be
any integer as per the requirement and constraint of the design). The 3-level and MLI are
considered important due to their power-handling capability. Therefore, these two types of

GClIs are discussed further in detail.

2.1.1 3-level Grid-connected Inverters

An inverter is a core element used within grid-connected DERs. Therefore, the selection
of its topology for a specific grid-connected application is very important to meet certain
requirements.

A "3-level” inverter utilizes a three-level topology, which means that it uses three volt-
age levels to generate the AC output waveform. This allows for a higher power density
and increased efficiency compared to traditional 2-level inverters. It is a commonly used
inverter for grid-connected medium power applications. A full bridge inverter can be used
as a 3-level inverter. The bridge generates the PWM AC output by using the controlled
switch patterns applied to its gate using the control technique. The low pass filter is used

to generate a smooth AC signal from the PWM signal generated by the full bridge inverter.
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Theretore a low pass filler also plays an important role in GCL

The L, LC and LCL are the commonly used filters in the grid-connected application.
Among these filters, LCL is the suitable candidate for GCIs application. But, the capac-
itor in the LCL filter is the source of resonance. To dampen these resonances, two types
of damping methods are usually used i.e. passive and active damping. In passive damp-
ing, a passive element resistor is used in series with a filter capacitor (23, 24, 23]. But
passive damping introduces energy losses across the damping resistor. Therefore, it is rec-
ommended to use active damping. In active damping, the current passing through the filter
capacitor is extracted with the help of a current sensor and that current is fed back by using
a dedicated feedback loop [26, 27, 28] having a damping factor. The loop can dampen
the resonance produced by the capacitor of the LCL filter and also save the energy that
dissipates in the damping resistor in case of passive damping. In this research, an active
damping method is used for the damping of resonance and will be discussed in detail in the
next chapter.

Furthermore, the 3-level inverter can be classified on the basis of the control technique
used in it. Here, the 3-level inverters are divided into two types on the basis of control
technique: one is the control of GCI without any harmonic compensator while the other is
control of a 3-level inverter with an additional control part that is harmonic compensator.
A detailed discussion on control techniques is given in Section 2.2. The classification

discussed in this section is depicted in Figure 2.1.
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Figure 2.1: Taxonomy tree of GCls.
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2.1.2 Multilevel Grid-connected Inverters

MLIs have brought a revolutionary change in the emerging technology of GCls. It is a
suitable technology for low, medium and high power applications due to its high resolution
of output and varying flexible structure.

MLIs have stair output waveform which is responsible for high stability and enhanced
performance. The limitations of this inverter are its cost, size, weight and circuit complex-
ity. But, in some applications, these limitations become advantages like in string converters,
where several DC sources are available in form of a string of solar panels. These inverters
can be used to cascade them and form a transformer-less GCI (29, 30, 31]. Like other ap-
plications, MLIs are also one of the favorite topologies for GCIs application [32].

Multilevel GCls can further be classified into three classical categories i.e. clamped
diode, flying capacitor and cascaded topologies[12]. The cascaded topologies of the GCI
have many advantages as compared to others due to their simple modulation, easy control,
and high output resolution [33, 34, 35]. Therefore, on the basis of these advantages, the
cascaded topology is considered for grid-connected applications in this research,

Cascaded Multilevel GCIs (MGClIs) can be further classified as symmetric and asym-
metric MGCIs. The Symmetric MGCls are those types of inverters, which generate a
positive and a negative level with one DC source at a time, while in asymmetric MGCls
more than two levels can be produced at the output with one DC source by adding and
subtracting the voltage sources using different configurations. In the asymmetric MGClIs
the stress does not remain the same on all switches and its PWM technique is aiso difficult.
Therefore, in this research, the symmetric MLI is used for grid-connected application{36]
due to its advantages. Therefore, further discussion is restricted to symmetric cascaded
MLIs only.

Cascaded MLIs have some limitations of the large number of switches that are used for

generating levels at the output. These switches increase the cost, size, and in-system losses
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in symmetric MLIs. To minimize these limitations, reduced switch MLIs are used. In this
research, a reduced switch MLI is used which has an additional feature of equal source
sharing given in [13]. More detail about this inverter is given in Chapter 5.

A low pass filter is also used in MGCTs similar to the 3-level inverter and LCL is the
suitable choice for the filter, hence again a damping technique is required to handle the
resonance created by the capacitor of the filter. Therefore MGCIs can also be classified
into active damping and passive damping GCIs and again active damping method has been
opted for this part of the research. The further classification of MGCls on the basis of
control technique is similar to 3-level GCIs.

The above-discussed classification of MLIs used in the grid-connected applications is

given in Figure 2.1.

2.2 Control of Grid-connected Inverters

To inject the desired power into the grid and keep the inverter stable, a feedback controt
system is required. Hence, the controller plays an important role in the performance and
stability of an inverter. The control of a GCI needs an additional feature of synchronization
which synchronizes the inverter current with the grid voltage. The control section of GCls
can be divided further into three subsections i.e. synchronization, current controller and

harmonic compensators, which are discussed here in detail.

2.2.1 Synchronization of Grid-connected Inverters

The injection of power from RE sources into an existing AC grid needs a high degree
of synchronization to avoid the mismatch of phase and frequency. Therefore, different
techniques are used to accomplish this synchronization. There are two types of power
injection techniques used in GCIs one is reactive power transfer while the other is active

power transfer. In this research, the active power transfer technique is used. Where the grid
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voltage at the point of common coupling (Ve or V) can be sensed to extract its phase and
frequency. Then the current injected into the grid ¢, can be synchronized with the voltage
of the grid by using different types of control techniques and thus the active power can be
transferred from RE sources to the grid.

The common technique used for the extraction of phase and frequency of the grid volt-
age is PLL. There are different types of PLL with a variety of implementation methods.
The PLL used in this research is using the proportional-integral (PI) controller which is a
synchronous frame controller. Therefore, the grid voltage signal can be converted into DC
representation by using direct-quadrature-zero (DQZ) transforniation.

In three-phase inverters, any two phases of voltage can be used for DQZ transformation.
But in a single-phase inverter, there is no other phase available. Therefore, an orthogonal
signal generator is required. The orthogonal signals can be generated by using different
techniques. The use of first-order delay filters and second-order generalized integrator
(SOGI) filters are the two common methods for the generation of orthogonal signals. The
PLL also provides immunity to the mverter from disturbances and unwanted signals to
reach the control part of the GCIs. Thercfore, SOGI filters based PLL has more advantages
io be used in GCIs. In this research SOGI based PLL technique is used.

For the case of weak grids, the estimated phase is distorted due to the presence of
voltage harmonics. The harmonics propagate through PLL circuits and reach the control
unit of the inverter [37]. These harmonics propagate further through the control unit and are
added to the low-order harmonics present in the current feeding to the grid. An optimally
designed PLL can be used with filters to prevent harmonics from entering the control unit,
but still some low-order harmonics lie in the bandwidth of the PLL and make it to the

control unit. SOGI filters play a characteristic role in such cases [38].
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2.2.2 Current Controller of Grid-connected Inverters

The current control unit of GCls is used to deliver the desired power to the grid. Over
the past few years, the current controllers for GCIs have gained the attention of many
researchers, resulting in plenty of research outcomes [39, 40]. The literature on current
controllers covers a variety of control theories from the conventional controller to highly
specialized controllers.

The commonly used current controllers are proportional resonance (PR) and proport-
tional integrator (PI) which are statiorary and synchronous frame controllers respectively
[7]. The PR controller has good performance but due to its narrow bandwidth, it cannot
handle frequency variations(41, 42] and are complex to be implemented using digital pro-
cessors. [u contrast to the PR controller, the Pl controller can handle some variations in
frequency and can easily be implemented on digital processors. The PI controllers can
not work on AC, therefore the AC signals need to be converted from stationary frame to
synchronous frame (DC signals) by using DQZ transformation. This conversion and its
implementation make the power processing tedious but offer the advantage of robustness
to frequency variation due to its high bandwidth. Therefore, it has the capability to handle
a slight variation in the grid frequency[43]. The comparison of PR and PI controllers for
GCls is presented in [44].

In short, both PI and PR controllers have their own advantages and disadvantages and
the choice between them depends on the specific application and system requirements. For
example, PI controllers are less complex and less sensitive to parameter variations, but
PR controllers can provide improved performance in certain types of systems. In grid-
connected applications, PI controller is widely used due to its simplicity and robustness.
But PR controllers are also used in some cases where better performance is required.

There are many other control techniques that are used to control GCIs. The model

predictive control is also a commonly used controller for grid-connected applications. In
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[45] the model predictive control for GCIs is proposed for a PV system. It is found that
the proposed model predictive control has a good performance in the steady and transient
states. With the help of a model predictive controller, the reduction in switching frequency
and flexible power regulation is achieved which also reduces in-system power losses. For
the model predictive controller, the system model and cost function are usually required.
Similarly, in [46] the comparison between PR and model predictive controller is conducted.
When PR controller has a narrow bandwidth, it works slower and takes time to track the
reference. If it is designed with high bandwidth then the overshoot increases. So, this
limitation of PR controller is overcome with the help of model predictive controller [46,
47, 48].

The repetitive controller is also an appropriate controller for GCIs, The repetitive con-
troller has a good tracking capability and keeps the THD low of current injected into the
grid. However, in repetitive control, the ratio between the sampling frequency to the fun-
damental frequency of the power grid cannot result always in an integer that deviates the
resonant frequencies of the repetitive control from the fundamental of the grid and the fre-
quencies of the harmonics present in the grid, which is a limitation of repetitive control.
This issue is addressed in [49] and also a solution for its improvement is presented. It is
also noted that the conventional repetitive controller has the auxiliary function for stabi-
lization of steady-state tracking error and total harmonic distortion of the GClIs.

Researchers have also used fuzzy logic control for GCIs. The fuzzy logic controllers
have the capability of approximation. Therefore, they are effective in nonlinear and un-
certain systems. These types of controllers are sometimes suitable where the mathematical
model is not known. Keeping in view the considerably uncertain and nonlinear charac-
teristics of photovoltaic (PV) and PWM methods, it can be observed that a fuzzy logic
controller can be a suitable candidate for grid-connected applications. In [0, 511, fuzzy
logic controllers are used for improving the performance and stability of GCIs.

There are some other control techniques given in {39, 52, 10] which can also be used
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for GCIs. The well-known techniques from them are dead beet controller [53, 54], LQG
controllers |55, 56, 57], H-infinity controller[58, 59], neural network controller[60, 61],
hysteresis controller[62], sliding mode controller[63, 64} and autonomous controller [65]
etc. The selection of all these controllers depends on many paranieters for example the
model of the system is known or not, whether the system is linear (or linearized) or non-
linear, the processing speed and the available digital controller etc. These controllers are

the backbone of the stability and current regulation of GCls.

2.2.3 Harmonic Compensators of Grid-connected Inverters

Although SOGI filters for PLL remove harmonics or tend to reduce voltage harmonics
from grid signals and extract the phase of grid voltage with very little content of low-order
harmonics, it is still not possible to estimate the phase of grid voltage free of harmonic.
Furthermore, inverter switching also generates low-order harmonics. Therefore, it becomes
necessary to add controllers for harmonic compensation. These controllers are called har-
monic compensators. These compensators reduce total harmonic distortion in the current
feeding into the grid and ultimately improve the performance characteristics and stability
of the system.

There are different techniques used for designing of harmonic compensators. Some of
these are working in a synchronous reference frame while others are in a stationary ref-
erence frame [66, 67, 68, 69, 70]. In some cases the current controllers work in different
reference frame from the reference frame of harmonic compensators which is called as a
hybrid frame like the case where the current regulators are synchronous, and the compen-
sators are in a stationary reference frame. The selection of the appropriate compensators
needs special attention.

In {71}, the author introduced a new concept in power electronics from instrumentation
which is known as a lock-in amplifier. This technique is quite useful in the extraction of

low-order harmonics and their compensation, but it does not work if there is any variation
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in the fundamental frequency. Although, the large-scale grids have higher inertia still the
line frequency can vary by 2 percent of its rated value. Thus, a compensator designed based
on the fixed values fails to reduce harmonics under these conditions.

An LCL filter is usually used to generate a pure sine wave, but the capacitor in an LCL
filter generates resonance. Two methods are used to dampen this resonance [72], one is the
active technique and the other is the passive based using resistors [24]. The resistor-based
damping results in losses, therefore the active damping technique is preferable [73]. In this

research, the resonance was reduced by using the active damping technique.

2.3 Stability of Grid-connected Inverters

GClIs are commonly used in distributed generation by bringing RE resources onboard with
the existing grid networks as an additional power with the advantage of generating electric-
ity near, where it is being used. A lot of work has been done on the design of inverters for
injecting power into the grid. The nature of the grid is not always the same everywhere; in
some regions, it is strong while in others it becomes weak. Hence, the inverters designed
under strong grid assumptions may become unstable if it is tied at the point where the grid
is weak. Now, it is a challenge to know whether a specific design will be siable or not. In
the literature, there are many technigues used to know the stability of GCI with the help of
software tools.

In recent studies, it has been found that the siability of GCIs depends on the ratio of
the Z, to the output impedance of an inverter and that this ratio must satisfy the Nyquist
criteria of stability [74, 75]. The weak grids have a varying impedance which further com-
plicates the system {76, 77, 78]. Under these conditions, the voltage harmonics of the grid
also fAuctuate with the flow of load current. The harmonics amplify with the increase of
load current and vice versa. If these harmonics are not compensated within the inverters it
can result in further amplification at the point of common coupling (PCC) and can make

the system unstable. Therefore, the varying characteristics of the grids require inverters
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designed with larger stability margins, enabling the inverters for stable dynamics under
varying grid conditions. In the case of weak grids, the impedance of the grid depends on
some parameters such as line frequency transformers, length of distribution and transmis-
sion lines. The number of GCIs also changes Z,. If GCIs are connected nearer to each
other and the impedance between them is ignored, then these inverters become parallel to
each other. Such GCIs are modeled for the analysis of harmonics and the resulting stability
of the distributed power generation systems [38]. This configuration varies impedance in
two ways: the output impedance of the invecter decreases because it is in parallel with oth-
ers or the Z; is increased by a factor of N when N identical inverters are connected at the
PCC, though the admittance of a single inverter cannot be directly summed to obtain the
admittance of multiple parallel GTIs [79, 80]. Thus, the harmonics in grid current increase

and stability margins decrease.

2.4 Research Gap

It is concluded by contemporary studies that in most cases the changes in grid characteris-
tics like frequency (f) and grid impedance (Z,) have frequently been overlooked, which has
resulted in an inadequate understanding of the dynamics. Therefore, it is essential to design
and develop a Grid-Connected Inverter (GCI) model that takes these factors into consider-
ation. Harmonics, frequency, and impedance of the grid have been determined to vary both
geographically and temporally. Inverters connected to these grids may perform poorly as a
result of these variations, which could cause instability problems. Therefore, the topology
and control methods of GCls are of utmost significance in reducing these challenges.
Robust systems that may efficiently handle fluctuations in grid conditions have been
proposed by numerous researchers. These systems still have certain drawbacks, thus more
work needs to be done to increase the stability, robustness, and overall effectiveness of
GClIs. In response to this challenge, the author of the research has proposed a novel hybrid

adaptive controller as a solution to this issue, with the goal to enhance GCI performance as
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a whole and under weak grid conditions specifically. In order to further boost the perfor-
mance of the GCI system, this proposed control technique is further extended to a reduced
switch multilevel inverter, also introduced by the author, which incorporates equal voltage
source sharing to further improve the functionality of the GCI system.

More precisely, this research intends to advance current developments in grid-connected
inverter technology by introducing this novel hybrid adaptive controller and integrating it
with the reduced switch multilevel inverter. The proposed solution seeks to overcome the
limitations observed in existing approaches, providing a more stable, robust, and efficient
GCI system that can adapt effectively to varying grid parameters and ensure reliable power

conversion in challenging grid environments.

2.5 Summary

The GCl is a core component to inject power from DERs into the grid. Therefore the liter-
ature is rich in the topologies and techniques used for it. In this chapter, recent topologies
and control techniques used for GCls are discussed briefly. Moreover, it is concluded that
a weak grid does not increase the total harmonic distortion of connected inverters up to a
certain limit but after that, the total harmonic distortion changes tremendously which can
make the system highly unstable. Therefore, it is found that there is still capacity for im-
provement. Moreover, it is also concluded that the total harmonics distortion remains in
the case of the weak grid but after a limit, once Z, crosses that the total harmonic distortion
increases tremendously which makes the system unstable. Therefore, the system stability

can be improved by improving the performance of harmonic compensators.
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CHAPTER 3
MODELING AND ANALYSIS OF GRID CONNECTED INVERTER

The grid-connected inverter is a nonlinear system here it is linearized by using the small
signal model to implement the linear control technique in order to control its output current.
In this chapter a standard average switch control model is considered and a mathematical
model in the form of open-loop gain and output impedance is formulated. In addition to
the control feedback loop, two other loops one for active damping and the other for grid
voltage feed-forward are also used in modeling. Moreover, the stability of the system is

analyzed at the end of this chapter.

31 System Modeling

Keeping the dynamic nature of the grid along with its non-linear nature, the modeling
of grid-connected converters always remained a challenging task. In [81, 82), a small
signal-modeled voltage source converter is proposed and also investigated. The Jacobian
transfer matrix is used to represent the small signal model. By reviewing the literature, it
is concluded that in most cases, the grid parameters variation in the form of frequency and
Zg4 are ignored. Therefore, a GCI model is needed to incorporate these aspects too.

Recent work shows that parallel weak GCIs can result in an unstable system even if all
the individual inverters are stable. The reason is Z; and inverter output impedance ratio can
vary a lot when there are multiple GCIs working nearby each other. The parallel operation
significantly aggravates the overall network resonance and stability problems, which hin-
der closely deployed distributed renewable plants. The work done in [79] investigates the
mutual interaction and stability issues of multiple grid interfacing inverters in electronics-

based power systems under varying grid conditions. The investigation reveals that such
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interactions between power inverters and the grid may excite multiple resonances at vari-
ous frequencies under certain grid conditions.

Typical GCIs consist of five main parts: 1. a DC power source, 2. power consists, 3.
filter, 4. AC grid and 5. control unit. The general block diagram of the system consisting
of these parts is given in Figure 3.1.
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Figure 3.1: The block diagram of a closed loop GCI.

Here, for ease of analysis, the DC source is assumed as an ideal fpple-free DC power
source with an output voltage Vpo. The full H-bridge configuration is used for power
switches taking DC voltage Vbc and four PWM signals as input to gates and converting
the input DC power into PWM-based altemnating output voltage V;,, and current f;,,. The
LCL filter converts PWM V;,,,, and I;,,, into a smooth V,, and ¢, waveform respectively. The
LCL filter consists of inverter side inductor Ly, grid side inductor Lo, and Capacitor C;
along with parasitic resistors R;, Rg, and A,, respectively. The parasitic resistances do not
devalue the stability of the system, therefore these are ignored in further analysis. The AC
grid impedance is modeled as Z,, and voltage source V; and is connected to an LCL filter at
PCC where it lias a voltage V,. The resistive part of the Z, is ignored and it is considered
inductive only.

The grid voliage has a fundamental frequency of 50 Hz with possible variations of 4%
(from 48Hz to 52Hz) and low-order odd voltage harmonics. The grid source voltage is

V.. The grid is represented by an equivalent Thevenin circuit. The control part consists of
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a current controller, synchronization, reference generation and modulation. The values of

parameters used in the GCI in this research are tabulated in Table 3.1.

Table 3.1: The system parameters with description and values

Symbols Description Values

P Rated power 5 kW
Voo DC-link voltage 400V

Vi Grid voltage (RMS) at PCC 220V

fo Grid frequency(fundamental) 50 Hz

Iy Inverter side inductance 0.75 mH
L, Grid side Inductance 0.45 mH
Cy Filter capacitor 6.01 uF
ke Active damping constant 10.6/400
Zy Grid impedance 0-15mH
Ko SOGI filter damping factor 0.5

kor Compensator damping factor 0.001

Kon Notch filter damping factor 7

K, Compensator gain 250

K, Proportional gain 50

Kpwm Modulation index 0.7

T; Integral time constant T41s

fn Low pass filter natural frequency 150 Hz
Tr Low pass filter time constant 3.18 x 1073
Kpprr Proportional gain PLL 10

TipLL Integral time constant PLL 20 x 107 %s

To simplify analysis instead of RE sources, an ideal DC source is considered here in

this research. Therefore, only the second stage of control which is grid current control is

considered here as discussed in Section 2.2.
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3.2 Control Model

The block diagram of the average switch control model of the grid-tied inverter is given in
Figure 3.2. An LCL filter is used in the model to reduce harmonic distortion caused by the
inverter's switching operation. The filter helps to ¢liminate the common-mode noise and
improve the power quality of the grid-connected system.

The resonance of an LCL filter occurs at the frequency where the reactance of the in-
ductor and capacitor are equal, known as the resonant frequency. At this frequency, the
filter will have the highest impedance, which helps to reduce the harmonic currents on the
AC power line. However, if the system is not designed properly, the resonance of the LCL
filter can cause instability and lead to a phenomenon known as sub-synchronous resonance
(SSR). To prevent SSR, an active damping technique can be used. Active damping uses a
control algorithm that adjusts the inverter’s output voltage or current to dampen the reso-
nance and stabilize the system.

The capacitor of the LCL filter generates a resonance which makes the system unstable.
The feedback loop having gain &, is used for active damping. The mathematical represen-

tation form of Figure 3.2 is given in (3.1).

Figure 3.2: The average switch control model of GCI.

[(iref = ig) G (3) - iclkc] kp‘wm =i lis+ igL2S o Vg (3.0

where Vo=V + Z,4, (3.2)

and G.(s) = k{1 + i). 3.3)
3 P T;;S -
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Moreover, k, and T; are the loop gain and time constant of the PI current controtler respec-
tively and &, is the modulation index.

The GCIs have a very slow transient response. Therefore, an additional loop of grid
voltage feedforward is used to decrease the response time. The voltage feed-forward starts
from PCC voltage which is V,, and ends at the node between the current regulator and
modulator. The feedforwarding of the grid voliage plays an important role in making the
system response faster in addition to decreasing the burden on the current controller. A
stability-enhancing voltage feed-forward inverter control method is proposed in [83, 84]
to reduce the effect of PLL and grid-impedance. Similar feed-forward techniques for a
GCI with an LCL filter are discussed in [85], while relatively extensive analysis of feed-
forward strategies on the robustness in terms of harmonic suppression is discussed in {86].
Therefore, in the literature, there exist different strategies that demonstrate the importance
of voltage feed-forwarding in grid-tied inverters.

In addition to the transient response, the voltage feed-forward improves steady-state
performance in the form of a better power factor and produces less harmonic distortion in
the current feeding to the grid. Usually, two voltage feed forwarding techniques are used.
One is proportional voltage feed-forward; we refer to it as Strategy A, and the other is
a SOGI-based feed-forward technique, which we refer to as Strategy B. There is another
voltage feed-forward based on an adaptive algorithm which is mentioned as Strategy C. A

detailed discussion of these three strategies is given below.

3.2.1 Voltage Feedforward Strategy A

The feed-forward in Figure 3.3a is the proportional feed-forward niethod which is consid-
ered here as strategy A. This method of voltage feed-forwarding is useful in reducing total

harmonic distortion.

34



(b)

Figure 3.3: Strategy A: Proportional based grid voltage feedforward (a) Average switch

control model. (b) Open loop system response.

There is also a limitation of this technique that it reduces the phase margin of the system.
Therefore, it is effective in a strong grid or where Z, is low. In weak grid application, it

can destabilize. The mathematical representation of this system is expressed in (3.4).

[(tref —ig) Ge(8) — te.ke + VoG y(8)] Kpum = tr1Lns + iglas + V, (3.4)
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where, V;, and G.(s) are as given in (3.2) and (3.3) respectively and G is

(3.5)

Gyls) =

kpwm

There are two inputs i,.s and V;, and one output ¢,. Therefore, the open loop gain of the
system given in Figure 3.3a is calculated as the ratio between grid current ¢, and reference

current ¢,.; by ignoring grid voltage V. The extracted open loop gain is given in (3.6).

kpumGe{3)
[L101L233 + (Llcl Zg (S) + Lgclkckwm)32+

(C1Z4(8Ykckpum + Ly + L2)s + Z4(8) — Z,(8)kpwmG(3)] (3.6)

3
G:‘,,lef—s'g (8) =

In order to find its stability margin, the response of the open loop gain Gf_l f_,;g(s) is
plotted with the help of a Bode plot. The simulated response by using values of Table 3.1
is given in Figure 3.3b which shows that the stability margin is highly dependent on the Z,,.

3.2.2 Voltage Feedforward Strategy B

The proportional feed-forward of Figure 3.3a with an additional SOGI filter is given in Fig-
ure 3.4a and is called the SOGI-based voltage feed-forwarding method which is mentioned

here as strategy B.
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Figure 3.4: Strategy B: SOGI based grid voltage feedforward (a) Average switch control
model. (b) Open loop system response.

It improves the phase margin and makes the system robust specifically in the case of
weak grid applications where the Z, varies from place to place but due to a SOGI-based
voltage feed-forward, the system has a slow response and is less effective in reducing the
harmonic distortion as compared to strategy A.

The mathematical expression of this system is given in (3.7).
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[(éref - zg) Gc (S) - 3.-':1"‘36 + I/QGI('Q)G»&('S)] kp‘wm = B‘JILILIS + égLZS + % (3?)

kolyS

where, Gi(s) = (3.8)

82 4+ kowos + w?

k, is proportional factor and wy is 2« f, where f, is grid frequency.

The open loop gain G52 ; (s) of the system is derived from Figure 3.4 using block

tg“:re_f

reduction method and presented in (3.9).

kpumGels)
L101L253 + {Llclzg (S) + LgOlkckwm)32+

(CLZ4{8)kckgwm + L1 + La)s + Z4(5) — Zy{8Ykpum G (5)Gr{s)] (3.9)

tg—iref

G2, (s) = [

In order to find the stability margin of the system, the response of open loop gain of
strategy B is Plotted in Figure 3.4b with the help of a Bode plot. The Bode plot shows
that the phase margin of the system changes with the change of Z,, but the system remains
stable for the larger values of Z; as compared to contemporary works and shows robustness
against Z, variation. By comparing the phase margin of both Figures 3.3 and 3.4, it can be

concluded that SOGI-based feed-forward is a better option for robust grid-tied inverters.

3.2.3 Voltage Feedforward Strategy C

In addition to strategies A and B mentioned in sectection 3.2.1 and 3.2.2 respectively, an-
other voltage feedforward topology is introduced in [87]. We refer to it as strategy C, shown
in Figure 3.5a. In this technique, multiple band-pass filters are used in the path of voltage
feed-forward.” These filters allow some low-order harmonics to reach the node between
the current regulator and modulator while blocking the critical ones that reduce the phase
margin by using an adaptive algorithm. The mathematical form of this system is shown
in (3.10). The open loop gain of this system1 G} ;  (s) is given in (3.13). The Bode plot

of the open loop gain of strategy C is plotted to find its stability margins which is given in
S

Figure 3.5b.

38



-
Hy
2
9_ ! v -
!
J L {/\/\W'TN |
-180 : : : - P
w* W »' w w’ w' ' '

Freqney (radle)

Figure 3.5: Strategy C: Adaptive grid voltage feedforward (a) Average switch control

model. (b) Open loop systemn response.

[(i,-ef — ﬁg) Gc (5) — iclkc -+ %G!(S)Gadap(s)] kpwm = ‘iLlL]S 2 ingS + Vi}' (310)
Gadap(s) = [IlGhl (S) + . TGy (S)] (3.11)

Wes
Gri(s) = = 3.12)
l2) 82 + wes + (daw,)” ( .

where,
Where w, is the bandwidth of the filter and i is any odd number starting from 1 and ending

at the number up to which the harmonics are desired to pass.
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The open loop gain G2, (s) of the system is derived from Figure 3.5(2) using block

ig _iref

reduction method and presented in (3.13).

3 (g) = G0
tg—ires [L1C1 L83 + (L1C1Z4(8) + LaCrkekymm)s? +

(C12Z4(8)kckpuwm + L1 + L2)s + Z4(3) + Zo(8)kpumC p(8)Gadap(s)]. (3.13)

The main feature of this technique is to reduce the harmonic distortion and keep the
stability margins in between the proportional and SOGI-based voltage feed-forward. In all
the equations, the transfer function G is as given in (3.3) is the Pl controller implemented in
the synchronous reference frame and works as a current regulator. Moreover, all parameters
used in these equations are listed in Table 3.1. The PI is used here, to provide a wider

control bandwidth and simple implementation as compared to the PR controller.

3.3 Comparison of Voltage Feedforward Strategies and Research Gap

The analysis of Strategies A, B and C with the help of their respective Bode plots shows
that the Z, has a strong impact on its stability margins. It can also be observed that strat-
egy B has larger phase margins as compared to other strategies but it has less capability
to reduce the total harmonic distortion. Strategies other than Strategy B provide good im-
munity against total harmonic distortion but are less robust against the increase of Z, and
other variations. Therefore, strategy B is the best option for the system to be robust, hence‘
SOGI-based voltage feed-forward is chosen for further improvements in this research. In
the proposed system, the problem of total harmonic distortion is solved with the help of
adaptive harmomic compensators. Hence, the system becomes robust and shows consider-

ably reduced total harmonic distortion,
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3.4 Impedance Based Stability

Impedance-based stability is an easy way to find the stability of GCIs, which is derived
from the reduced average switch model of GCIs presented in the Norton and Thevenin

form of the circuit in Figure 3.6.

Point
of _J
linv Z, %Common
Coupling

Inverter . Grid

Figure 3.6: Norton and Thevenin models of inverter and grid in the grid-connected appli- °

cation,

By using the network-solving technique it can be transferred to the form of conventional
control techniques used for finding the stability for a specific system. Although this idea is
older in other power electronic converters, for a GCI the benchmark is given in [74]. The
circuit in Figure 3.6 consists of two parts; one is the Norton circuit containing the feature
of the GCI in the form of a dependent current source I, and inverter output impedance Z,
while the other part is the Thevenin circuit consisting of Z, along with grid voltage V. By

using superposition theorem on Figure 3.6, we get:

By Iimr(s}zo(s) V,,(S)

%= 214 Zole)+ 2, G19
e Ve 1
e [‘r“““(s) Zo(s)] 1+ Zy(8)/ Zo(5)’ 3.15)

where the impedance ratio Z;/Z, can be used for impedance-based stability analysis to

meet the Nyquist criteria of stability. Now, the stability of the three strategies can be an-
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alyzed by using the impedance-based stability test. The inverter output impedance can be
derived from Figures 3.3-3.5 for Strategies A, B and C respectively by ignoring Z,, shown
by a dotted path in each figure. From the average model, the output impedance of the three

strategies A, B and C are given in (3.16), (3.18) and (3.20) respectively.

Admittance of strategy A is
- 2 _ i
LiCiLys® + LgClkckmeQ + (Ll -+ Lz)s + kmch(S)
1
Sl .y
and impedance is Z; (s) = Y51(s) G.17)
Admittance of strategy B is
YSQ(S) = —L10152 - ClkckmUmS -1 + km(S)GI(S)Gh(S) (3 18)
© L1L26'133 + LzClkckpmeQ + (L] + LQ)S + kmch(S) )
1
52
and jmpedance is Z,%(s) = Vs (3.19)
Admittance of strategy C is
¥S3(s) = —L1C18” — kekpumC18 =~ 1 + kpum (3) Gy (5) G (3) Gadap(s) (3.20)
° . L101L283 + L2clkckpwm32 + (Ll + LQ)S + kgmrm.Gc(s) ’
1
and impedance is Z3%(s) = _'___"_)/033(3)1 3.21)

where Y,%"(s) and Z>"(s) denotes admittance and impedance of nth strategy. The impedance-
based stability can be checked by using the ratio of Z, to inverter output impedance. There
are two plots that can be used for this purpose one is the Bode plot and the other is the
Nyquist plot. The combined Bode plots of impedance ratios strategies A, B and C are
given in Figure 3.7.

In the regions of Bode plots where the gain of Z, is less than Z2" (n = 1, 2 and 3),
the system is stable but in other regions where the inverter output impedance crossing the
impedance of the grid the phase difference defines the stability. Therefore, inverter output
impedance is important. If there is a certain phase difference between both impedance, the

system remains stable otherwise it becomes unstable. The more comprehensive detail of

42



the conditions of the stability is mentioned in [74, 75, 88]. On the basis of these conditions,
the Bode plot given in Figure 3.7 shows that the systems are stable for the given Z,.
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Figure 3.7: Impedance base stability analysis of GCI using Bode plot. (&) (b)

The Nyquist plot for the ratio of Z,/Z5(1:2 24 3) when Z, is SmH is given in Fig-

ure 3.8a. To check the encirclement of point (-1,0) for determining the stability, the figure
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is zoomed in and the result is given in Figure 3.8b. The figures show that there is no clock-

wise encirclement of point (-1,0). Hence the system is stable.
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Figure 3.8: Impedance base stability analysis of GCI by using Nyquist plot for Z,,/Z, ci

(a) Nyquist Plot (b) Zoomed in at point(-1,0).

The Nyquist plot for the ratio of Z,/Z5(: 22743 when Z, is 10mH is given in Fig-

ure 3.9a. To check the encirclement of point (-1,0) the figure is zoomed in at (-1,0) and
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the result is given in Figure 3.9b. Again the figures show that there is no clockwise encir-

clement of point (-1,0). Hence the system is stable
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Figure 3.9: Impedance base stability analysis of GCI by using Nyquist plot for Z,,/Z5"
{a) Nyquist Plot (b) Zoomed in at point(-1,0).

The Nyquist plot for the ratio of Z,/Z5(1:2and3) when Z, is 15mH is given in Fig-

ure 3.10a. The figure is zoomed in at (-1,0) and the result is presented in Figure 3.10b,
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Again the figures show that there is no clockwise encirclement of point (-1,0) and hence

the systems are stable.
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Figure 3.10: Impedance base stability analysis of GCI by using Nyquist plot for Z,a/Z5™
(a) Nyquist Plot (b) Zoomed in at point(-1,0) .

The Bode and Nyquist plots show that although all the systems are stable for the tested
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parameters, but each system has different phase and gain margins, Therefore, the level of

robustness of each system is different.

3.5 Summary

In this chapter, the generalized mathematical model of GCI is derived based on the average
switch model and presented as a block diagram. Three strategies of voltage feed-forwarding
techniques are also presented. The open loop gain of GCI is derived from the average
switch control model which is further used in finding the stability margins and tuning of the
controller. Moreover, the output impedance of GCI is also derived to analyze the stability
of the GCI by using the Bode plot and Nyquist technique. It is also concluded that the
SOGI-based voltage feed-forward technique is suitable for the proposed systems which are

discussed in Chapters 4 and 5 in detail.
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CHAPTER 4
DESIGN AND CONTROL OF 3-LEVEL GRID-CONNECTED INVERTER

In this chapter, the control law for GCI is proposed for the enhancement of stability and
robustness against grid impedance variation. The proposed solution is a hybrid adaptive
control technique for a 3-level full bridge inverter GCI. In this chapter, the average switch
model, open loop gain, stability analysis, current controller, and adaptive harmonic com-
pensators are presented. The proposed system is tested with the help of computer simula-
tions and the results are analyzed. Moreover, the performance of the proposed solution is
evaluated by comparing the generated results with the results of existing techniques. This

chapter is based on the author’s publication given in {11].

4.1 Limitations of Existing 3-Level Grid-connected Inverter

GCTs play a key role in the integration of DERs with utility grids. However, the connection
between power inverters and the grid has been seen to be responsible for various stability
issues. In the weak grid, and under weak grid conditions the injection of power to the grid
becomes a challenging task due to continuously varying Z, and grid frequency affecting
the stability margins. Moreover, the Z; related issues boost the voltage harmonics which
further devalues its performance. These grid voltage harmonics propagate enter into the
PLL and reach the control unit of the inverter which further amnplifies the low-order har-

monics of the inverter,

4.2 Proposed Controller Design

The objective of this research is to introduce a novel conirol strategy that decreases the

effect of Z,; and frequency variations on the performance and stability of an inverter. Hence,
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an adaptive hybrid control technique consisting of two parts is proposed. Part one consists
of a PI current controller implemented in a synchronous reference frame designed with pre-
defined fixed values of its parameters. The second part of the controller consists of adaptive
PR controllers implemented in a stationary reference frame and its design is based on the
adaptive notch and resonant filters. On the basis that the current controller is fixed values
and the harmonics compensators are adaptive, we call our control law as hybrid control.
The adaptive harmonic compensators can effectively work under conditions where fre-
quency varies whereas the fixed value-based harmonic compensator fails. It is found in this
research that the adaptive harmoric compensators improved the performance by reducing
THD even if there is a change of 1% in grid frequency, thus it improves the stability under
the conditions when the grid has harmonic polluted voltage and variation in grid frequency.
Under weak grid conditions, the impedance of the grid varies which further results in an
increase in THD, and all of these factors can result in possibly an unstable GCI. The pro-
posed control technique effectively reduces the THD and as a result, enhances the stability.
The results show that the system becones less sensitive to Z, and frequency variations
which justifies the proposed technique relevant to the stability performance applications.
In this chapter, the proposed technique is discussed in detail and the generated results are

compared with the existing techniques.

4.3 Functional Model of 3-Level Grid-connected Inverter

The functional block diagram of the proposed GCI is given in Figure 4.1 consisting of five
main parts: i). DC Source, ii). Power Switches, 1ii). Filter, iv). AC grid and v). Control
unit. Here, for simplicity, the DC source is assumed as a ripple-free ideal voltage source
with an output voltage V. The full H-Bridge configuration is used for power switches
taking DC voltage V¢ and four PWM signals as input to gates and converting the input
DC power into PWM-based alternating Vi, and [, output. The LCL filter converts ;.

and I, into a smooth V;, and 4, waveform. The LCL filter components are Capacitor (' £
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inverter side inductor L, and grid side inductor L, along with parasitic resistors K., R;
and R, respectively. The parasitic resistances do not destabilize the system and therefore
can be ignored. The AC grid is modeled by its equivalent Thavenin as an impedance Z(s)
and voltage source V, connected to an LCL filter at PCC where its voltage is assumed to be
V. The grid voltage frequency is considered as 50 Hz along with 1% variations. The low-
order odd voltage harmonics are also added to model the characteristics of a weak grid. The
hybrid control part consists of a current regulator and adaptive harmonic compensators. The
current regulator is implemented in the synchronous reference frame while the harmonic
compensators are implemented in the stationary reference frame which are discussed in
detail in the coming sections. The values of system parameters used are listed in Table 4.1.

Inverter LCL-Filter GRID

DC link Cap

PC Source
— __l 1_ ——

-
Hybrid Controdler Lrer

Figure 4.1: The functional block diagram of proposed GCI.

4.4 Proposed Hybrid Adaptive Control

The averape switch control model of the proposed inverter is given in Figure 4.2. Based
on the functionality, the system blocks are divided into two parts as: Area A consists of

a grid, inverter, LCL filter, modulator, active damping loop, voltage feedforward loop and
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Table 4.1: Symbols, description and values of system parameters

Symbols Description Yalues

P Rated power 5kW

Voo DC-link voltage 40V

v, Grid voltage (RMS) at PCC 220V

fo Grid frequency(fundamental) 50Hz

Iy Inverter side inductance 0.75 mH
Lq Grid side Inductance 0.45 mH
'y Filter capacitor 6.01 uF

k. Active damping constant 10.6/400
Z4(s) Grid impedance 0-15 mH
ko SOGI filter damping factor 0.5

Kor Compensator damping factor 0.001

Ko Notch filter damping factor 7/

K, Compensator gain 250

ky Proportional gain 50

T; Integral time constant 741s

I Low pass filter natural frequency 150 Hz

I Low pass filter time constant 3.18 x 10%
kppiL Proportional gain PLL 10

TpLrL Integral time constant PLL 20 x 1079

feedback current controller designed in a synchronous frame of reference and Area B rep-
resents the adaptive harmonic compensators that are working in the stationary reference
frame. The harmonic compensators further consist of the adaptive resonant filters, adaptive

notch filters and gain,

| e PERC———

Figure 4.2: The proposed design of GCI with an adaptive hybrid control technique.
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The important parts of the proposed hybrid control are elaborated in the next subsec-

tions.

44.1 Synchronization

The inverter output current ¢, must be synchronized with grid voltage V, for injecting active
power within the grid. Here, PLL is used to estimate the phase and frequency of the grid
voltage V.

The PLL used is based on a stationary frame controller, which needs DQZ transforma-
tion of AC signal but DQZ transformation of a single-phase system cannot be implemented
directly like in a three-phase system. In a single-phase system, orthogonal signals are re-
quired for DQZ transformation which is generated by the SOGI-based orthogonal signal
generation method. The « and 3 transfer functions of SOGI filters used are given in (4.1)
and {4.2) respectively. The filter Gy, given in (4.1) removes high order harmonics and
noise signals from V,, and generates V, as an output and the filter Gy, given in (4.2) re-
moves high order harmonic and also produces a delay of 90° in its output signal Vj to make
it orthogonal to V,,. The orthogonal signals generated are then converted from stationary
reference frame to synchronous reference frame by using DQZ transformation which pro-
duces V; and V; as given in Figure 4.3. The PLL technique is used to extract instantaneous
grid parameters f,, ..y and wpyy; as shown in Figure 4.3, The wyy; used in (4.1) and (4.2) are

previously estimated values from PLL.

Gpita'= Apitpus = (4.1)
s+ kpuwpus + (w-pu)
k gf.u‘z
Goits = e (4.2)

52+ kwwpns + (wpu)z .
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Figure 4.3: PLL block diagram for extraction of phase and frequency of V; along with

SOGI-based orthogonal signal generator

4.4.2 Current Controller

-

The current controller is used to inject desired power into the grid and to keep the system
stable. The controller used for this purpose is the PI controller, and its transfer function is
given in (4.3).

1
) 4.3)

GC(S) i k?(]' + .I';:S

The injected current within the grid is AC. Therefore, if the PI controller is implemented
to control AC waveform its bandwidth reduces and can easily become unstable. This issue
can be overcome by converting the AC signal from a stationary reference frame to its
corresponding synchronous reference frame as discussed in subsection 4.4.1. Where, the
AC signal is converted into its corresponding DC, for this purpose a DQZ transformation
is used. Therefore, again the orthogonal signal generators are required to convert a single-
phase current signal into two orthogonal signals but the technique used in section 4.4.1
cannot be used here, because it will filter the information which is needed for the controller
to work on it. Therefore, the grid current ¢, is considered as 7, as given in (4.4) and the
other signal iz is produced by passing the grid current ¢, through two low pass filters with

a phase lag of 45° per filter as given in (4.5).

i) = i,(3) (4.4)
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T+ 709) @

i5(s) = ig(s)

Where the 77, is the time conslant of the low pass filter.
Then, with the help of Park transformation, the orthogonal signals are converted into

their corresponding DC form I and I, which is given (4.6).

I costtgt  sinw,t| |ig

= (4.6)

Iy —sinw,t cosw,ti |igs
The I and I, are subtracted from their respective reference signals and the error signals are
generated. The error signals of the d-axis and g-axis are passed through the PI controllers

which are expressed in (4.7) and (4.8) respectively.

Vea(s) = (I3 — 14)Ge(9) @7
Va(s) = (I; = I)Ge(s) (4.8)
Vinvd = Vea(8) — I{wo(Ly + Ly)) + Vi 4.9)
Vinvg = Veg(8) — Te{wo(Ln + L)} + Vo 4.10)

Where Vi, 4 and Vi, 4 are the controlled signals in d and g-axis respectively. The inverse
Park transform is used to convert the controlled signals to their respective orthogonal sig-

nalsin (4.11).

Vinva cosut —sinwt| | Vi
K (4.11)

Vinw.s sinut  coswt Vievg

Where, the Viny o and Vi, g are the controlled orthogonal AC signals, The voltage signal
Vinvc 15 used as a reference signa! for PWM to generate the switching signals for the gate
drive of the full bridge inverter. The whole process of the cumrent controller is described in

a simplified form in Figure 4.4.
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Figure 4.4: Block diagram of synchronous frame current controller along with DQZ and

inverse DQZ transformation .

The values of &, T; and T7, used in the PI controller are designed with the help of the
MATLAB SISO tool, which are listed in Table 4.1.

4.4.3 Adaptive Harmonic Compensators

The harmonic compensators are used to minimize the harmonics contents within the current
feeding into the grid. The reduction of harmonics in grid current enhances the performance
and increases the stability of the GCIs. The Z, variation changes the harmonics content
in the grid cumrent. Therefore, harmonic compensators are helpful to provide robustness
against the variation of Z;. Moreover, if there is Z; variation then it is possible that there
will be frequency variation due to the weak nature of the grid. Therefore, the harmonic
compensator must also be able to handle the frequency variation.

The synchronous reference frame based harmonic compensators require two controllers
for each harmonic suppression. Hence, for four harmonics eight controllers are required
but if stationary reference frame controllers are used they will require only four controllers.
Therefore, the resonant controllers are used here for harmonic compensation which are
stationary reference frame-based compensators. These controllers, continuously estimate

the harmonic frequencies present within the grid and mitigate the harmonics.
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The realization of the controller in a digital domain is complex due to which its usage
is limited. This limitation is overcome by adding a damping factor which not only makes
it realizable but also increases its bandwidth. The advantage of the broad bandwidth is
that controllers can estimate harmonics even if there exist small variations in fundamental
and harmonic frequencies. The limitation of broader bandwidth is that some contents of
fundamental frequency can also pass through the filters because the magnitude of the fun-
damental signal is very large as compared to the harmonics. To overcome this and stop the
fundamental signal contents fron1 entering the resonant filters a notch filter is used. The
notch filter has a very narrow bandwidth and is difficult to realize therefore a damping fac-
tor is also added to the notch filter to increase its bandwidth for realization. Both filters
with relatively larger bandwidths perform well under slight variations in the frequency of
the grid. But in the case of larger frequency variations, the performance of these filters
significantly degrades and sometimes produces adverse effects.

The notch filter transfer function G, is given in (4.12) and the transfer function of
resonant filters G,; is given in {(4.13). Both of these filters are cascaded with gain Kp to
form a fixed value harmonic compensator G which is given in (4.14). The first four odd

harmonic compensators are shown in area B of Figure 4.2.

5% + 0s + UJS

o = o 4.12
Cro= T st 0 (4.12)
G = ——Heles (4.13)

82 4 korw,s + {nw,)
J
Gr=KgGno ) G (4.14)

i=3
Where in (4.13), n is the number of odd harmonic and in (4.14), { is an odd integer starting
from 3 and ending at j. Similarly, w,, k., and k,, are grid frequency, the daniping factor of
the notch filter and damping factor of resonant filter respectively.

The equation (4.13) and (4.14) show that the notch filter and resonant filters are based

on 4 fixed frequency. But sometimes, larger variations occur in grid frequency due to rapid
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variations in load or generating stations. Under such conditions, the performance of the
fixed value compensator degrades or produces some adverse effects. In this research, this
limitation is overcome by designing adaptive filters. The bandwidths of the adaptive filters
to estimate harmonics are the same as that of fixed value filters, but the adaptive filters tune
themselves and shift their passband to the frequencies of the harmonics. Therefore, it is
found that the variation in the fundamental frequency has a minor effect on the performance
of compensators.

The designed adaptive filters adapt themselves according to the frequency estimated by
PLL. The block diagrams of the adaptive compensators are given in Figure 4.5(a) and (b).
The transfer functions of these filters are given in (4.15) and {4.16}. These adaptive filters

cascade with the gain K’z and work as adaptive harmonic compensators as given in (4.17).

s2 + w?
Groys = A 4.15
ad g2 +kms+w§“ (4.13)

km‘w 18
= T 7 (4.16)
§° + ;uo,-'wplls + (Twpa)
3

GRad = KRGnoad Z G'riud- 4.17

=3
Where in (4.16), n is the number of an odd harmonic and in (4.17), i is an odd integer
starting from 3 and ending at j.
Figure 4.5(a) shows the block diagram of the adaptive notch filter which removes the grid
frequency from the current signal ¢, and passes the harmonics to the resonant filters. Figure
4.5(b) shows the block diagram of the resonant filter which extracts the desired harmonic
to be compensated. Figure 4.5(c) depicts the Bode plot of the frequency response of adap-
tive resonance compensators and notch filter against the grid frequencies of 49Hz, 50Hz,
or 51Hz which are plotted as blue, black and red respectively.
Thus, all adaptive harmonic compensators adapt themselves to the instantaneous estimated
grid frequency extracted through PLL and set their cutoff values or passband of their filiers

such that low-order odd harmeonics lie within the bandwidth of their corresponding com-
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pensator. The Bode plot of Figure 4.5¢ shows the passing bands of filters depend on the
instantaneous grid frequency that is if the grid frequency is 51Hz then the frequency of the

9** odd harmonic becomes 459Hz.

(b)

8
J

G
G,

RaddiHz

RansaHz L
— Cradsinz

j

250 300 350
Fraquency (Hz)
()

Figure 4.5: Adaptive resonance harmonic compensator (a) Adaptive notch filter (b) Adap-
tive resonance filter (¢) Frequency response of adaptive harmonic compensator for 49Hz, -

50Hz and 51Hz.
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Thus, in the case of fixed values harmonic compensators the resonance filter will not
pass the harmonic but in the case of adaptive, it will pass through the filter as the response
of Figure 4.5 shows that the passband is also shifted around 459Hz. Thus in the case
of frequency variation, fixed valued harmonic compensator devalues its performance, and
a larger vanation can make it unstable. The adaptive harmonic compensators take the
estimated instantaneous frequency as the input from PLL continuously.

The notch filter in the proposed adaptive harmonic compensator has an important role
in the process of harmonics compensation. The proposed notch filter is used to stop the fun-
damental content from entering the resonant filters and only harmonic contents are passed
through the resonant filters.

The resonant filters have narrow bandwidth which can be increased by using a damping
factor but when the damping factor is added to the resonant filters, a certain gain of each
resonant filter is seen at grid frequency. The amplitude of fundamental frequency contents
is much more than the harmonic contents of the grid current i, therefore even a minimal
gain of resonant filter at grid frequency can pass a significant amount of fundamental fre-
quency content through resonant filters as shown in Figure 4.6(a) and it boosts up when it
is multiplied with a gain of the harmonic compensator. These contents are subtracted from
the current 7, as shown in Figure 4.1. Therefore, it increases the burden on the current con-
troller because the current controller regulates the desired cumrent that is injected into the
grid. Therefore, the notch filter improves the performance of harmonic compensators by
blocking the fundamental frequency contents from entering the resonant filters. The effect

of the notch filter on 37¢ harmonic is given in Figure 4.6.
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Figure 4.6: Effect of notch filter on the output of a harmonic compensator. (a) 3" har-

monic without an adaptive notch filter. (b) 374 harmonic with an adaptive notch filter.

In Figure 4.6a, the result is presented for 3™ harmonic that is extracted by the resonant
filter when there is no notch filter. The result shows that grid frequency contents are not
eliminated from the 3¢ harmonic. While Figure 4.6b shows the result when there is a
notch filter used before the resonant filter which removes the content of grid frequency and
leaves only 3" harmonic as an output. Therefore, the notch filter decreases the burden on

the current controller to adjust the current because a pure harmonic is subtracted.

4.4.4 Controller Design Parameters

To find the appropriate parameters of the current controller and harmonic compensator for
the desired stability margin (gain margin -3 to -5 dB and phase margin 30° to 60°), the open
loop gain G4(s) is derived from the proposed system given in Figure 4.2 by using block
reduction method and given in (4.18). The values of parameters of G, that is &, and T; are

exiracted with the help of Bode plot and MATLAB SISO Tool and are listed in Table 4.1.

G olium
[BL1L2Cy + L1 Z,Ch + 82 LaCrkickpum + 823C1kekpum-t+

GQ(S) =

sLy+slo + Zg - ZngGhAprm + kpmeRGRnd]- (4.18)
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Figure 4.7: The open loop gain of the proposed system.

The Bode plots of the open loop gain are given in Figure 4.7 by using the parameters
given in Table 4.1. The responses are for three different values of Z,s 5mH, 10mH, and
15mH (these values of grid impedance are selected for ease of comparison with other con-
temporary techniques). The results show that the minimum gain and phase margins are

3dB and 50° respectively. Hence, the system is stable.

4.5 Impedance-based Stability

The stability of the system is tested with the help of the impedance-based stability method.
The proposed system shown in Figure 4.2 is divided into two equivalent subsystems the
inverter side is represented in Norton equivalent form and the grid along with Z, is repre-

sented in Thevenin equivalent form as given in Figure 4.8.
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Figure 4.8: GCI presented in Norton form connected with grid represented in Thevenin

form.

The network of Figure 4.8 can be solved with the help of the superposition theorem to

find the grid current given in (4.20).

- fm:»(S)Zo(s) B VS{S)
T L)+ Zyls)  Zo(s) + Zy(s)

(4.20)

Where the Z, is the grid impedance and Z, is the inverter output. The equation can be

further simplified in (4.21) to find the impedance ratio between grid impedance Z, and Z,,.

AT !
*9‘[“’“’(5) Zo(s)JHZg(s)/zo(s)' #20)

By using the method of stability testing from [74], the impedance ratio Z,/Z, from
(4.21) can be used for an impedance-based stability test.

Here, the system is evaluated for three values of Z, that is 5SmH, 10mH, and 15mH.
The Z, is derived from Figure 4.2 by ignoring the doted part of the Z;. Furthermore, the
relation between V,; and i, is found by ignoring reference current ,.;. Thus, the derived

output admittance is represented by Y,4(s) and impedance represented by Z,4(s) is given

in (4.22) and (4.23) respectively.

Gthkpwm - O]_L132 - Olkckpw-ms -1

Y(s) = .
04( ) L L20133+L201 kckwm52 —+ (Ll + Lg) 5+ Gckpwm + K,.kmepR

(4.22)

L1L20133+L261kckwm82 + (Ll + L2) s+ Gckpwm + Krkm'mGPR

Zalg) =
04("”') Gthkpwm — ClLlsz - Olkckwms -1

(4.23)

The stability can be checked through the Bode plot or with the help of the Nyquist Plot.
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The Bode plot of the Z; ratio is given in Figure 4.9. Figure 4.9 shows that the system
is stable where the inverter output impedance Z,4(s) is greater than the Z;, Zg. In other
places, where the inverter impedance crosses Z, the phase difference is between 90° to
100° which shows that the system is stable. The conditions are verified with the help of
f74]. The pole-zero plot of the impedance ratio shows that all poles lie in the left half plane

which further confirms that the roles of [74] are applicable.
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Figure 4.9: Impedance based stability using Bode Plot.

To further analyze the stability, the Nyquist plot of impedance ratio is plotted in Fi gure'
(4.10) which shows the stability of the inverter against three different impedances SmH,

10mH, and 15mH respectively.
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Figure 4.10: Impedance-based stability of proposed GTI by using Nyquist Plot (a)
Nyquist plot of impedance ratio Zg,(s)/Z,(5), Z4a(s)/Zo{3) and Zy3(s)/Z,(s). (b)
Zoomed at (-1,0)

The Nyquist stability criteria state that a system is stable if there is no encirclement
of point (-1,0) or the counterclockwise encirclements of point (-1,0) are equal or greater
than the clockwise encirclement, vice versa the system is unstable if counterclockwise
encirclement is less than the clockwise encirclement of point (-1,0). Thus, the Nyquist

stability conditions are satisfied and the proposed system is a stable system. The Nyquist




plots of Figure 4.10 show that for all three values of Z,, none of the loops encircle the point

{(-1,0) clockwise. Therefore, it is concluded that the closed system is stable.

4.6 Results and Analysis

The proposed. design is analyzed for an arbitrary inverter of 5.5 kW which is also the
minimum rating required by our utility. The rated current injected into the grid is assumed
to be 25 A and the grid voltage to be 220V. The LCL filter is used to stop high-frequency
harmonics. The filter and grid parameters are selected as given in [87] for comparison
purposes. The reason for this selection is to make a comparison with existing techniques
and to evaluate the performance of the proposed solution. The other parameters and values
used in the simulation are also listed in Table 4.1, The proposed model is simulated in the
MATLAB Simulink environment.

Figure 4.11 shows the polluted grid voltage used for the analysis of the proposed tech-
nique. Here all the results extracted are under the distorted grid voltage V, with THD of
4.07%. This distorted grid voltage has a different THD from V;, which is the grid voltage
at the point of common coupling due to Z,. The grid voltage given in Figure 4.11 is used

for further analysis in this chapter.
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Figure 4.11: Distorted grid voltage V, used for testing of proposed technique.
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The proposed design is evaluated for two different"cases having different conditions.
In Case I the proposed system is tested for variation in Z, under fixed grid frequency and
the results are compared with other relevant techniques. In Case 2 the proposed system
is tested under grid frequency variation with fixed Z; and the results are compared with

existing techniques. These two cases are discussed here in detail:

4.6.1 Case 1: Test for Grid Impedance Variation

In this case study the proposed GCI is tested for three different values of Z, by keeping
frequency and current fixed. Where, the three values of grid impedance Z, are considered
as SmH, 10mH, and 15mH for simulation. The generated results are compared with the
results of existing contemporary techniques.

In this research, SOGI-based voltage feedforward, active damping, and SOGI-based
PLL is used along with a predefined fixed-value PI controller. Due to these factors, the re-
sults generated have shown a significant improvement. The results are given in Figure 4.12

where the system is tested for three values of Z, under a fixed frequency of the grid.
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Figure 4.12: Results of GCI without harmonic compensator (a) PCC voltage V, and grid

current i, with their FFT analysis (b) First four odd harmonics in i, when Z,{s) is 15mH.
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The resuits of Figure 4.12(a) show that there is a significant amount of THD in the
current injecting into the grid. The first four odd harmonics of frequency 150Hz, 250Hz,
350Hz, and 450Hz are given in Figure 4.12(b). The THD can be reduced with the help of
adaptive harmormic compensators. Figure 4.12 shows the results when there is no harmonic
compensator.

When the proposed adaptive harmonic compensators are added to the current controller
a significant improvement in the reduction of harmonic compensation is observed. The
results generated of the proposed system where an adaptive harmonic controller is imple-
mented for a GCI are given in Figure 4.13. Again, in Figure 4.13 the proposed system
is tested for three different values of Z, which are considered as SmH, 10mH, and 15mH
under the fixed grid frequency condition.

The first odd harmonics of the inverters with adaptive harmonic compensators are
given in Figure 4.13(b). Wheu these harmonics are compared with the harmonics in Fig-

ure 4.12(b) a clear improvement can be observed.
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Figure 4.13: Results of GCI with proposed harmonic compensator. (a) PCC voltage V,

and grid current i, with their FFT analysis. (b) First four odd harmonics in current 4

when grid impedance Z,(s) is 15 mH.
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Table 4.2 shows the comparative analysis and cross-validation of the system without
harmonic compensator and the system with proposed harmonic compensators. The re-
sults show that the proposed solution not only increases the robustness of the GCI but also
minimizes the total harmonic distortion. Table 4.2 represents the first four odd harmonics
Hg, Hs, Hy, and Hg represent 37¢, 5%, 7% and 9*" harmonics, respectively which are ex-
tracted from Figures 4.12 and 4.13 for grid impedance 5SmH, 10mH and 15mH respectively.
The table clearly shows that the proposed system reduces the total harmonics distortion by
minimizing low-order odd harmonics and the effect of grid impedance on total harmonic
distortion is also minimized which shows that the proposed system has more robustness

against grid impedance variation.

Table 4.2: First four odd harmonics of system I (without harmonic compensator) and sys-

tem 2 (with proposed harmonic compensator)s.

Systems Zg H3 (%) | Hs (%) | Hy (%) | He (%) | THD (%)
System 1 5 mH 1.1 0.5 0.5 0.55 1.59
System 2 5mH 0.2 0.1 0.1 0.15 0.9
Differcnce | 5 mH 0.9 0.4 0.4 0.4 0.69
System 1 10 mH 1.1 0.5 0.5 0.5 1.89
System 2 10mH | 045 0.19 0.1 0.1 0.67
Difference | 10 mH 0.65 0.31 0.4 0.4 .22
System 1 15 mH 14 0.65 0.4 0.55 1.62
System 2 I5mH |04 0.2 0.1 0.15 0.58
Difference | 15 mH i 0.45 0.3 0.4 .04

Figure 4.14 represents Table 4.2 in bar format, where system [ is a system without
harmonic compensators and system 2 is a system with a proposed harmonic compensator.
The bar height represents the percentage of harmonic with reference to grid current i

(keeping grid current 25 A as 100 percent).
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Hence, from Figure 4.12(b) and 4.13(b) the proposed harmonic compensators are work-

ing effectively and reduce the harmonics for which they are implemented. The effect is

clearly observed that the first four odd harmonics of frequency are 150Hz, 250Hz, 350Hz,

and 450Hz given in Figure 4.12(b) are reduced to the limit given in Figure 4.13(b). The

other harmonics can also be compensated but they are small in quantity and can affect less

the THD of the system therefore they are ignored to be compensated. Moreover, to validate

the performance of the proposed harmonic compensators the comparison is made with the

results of techniques used in reference [38], {89] and [90] is given in Table 4.3. The table

shows that the proposed method has a better performance as compared to other existing

techniques.
Table 4.3: THD of ¢, (proposed system vs. [38]).
S.No. | Technique Zg=5mH |Zg=10mH | Zg=15mH
1 Reference [38] THD=3.5% | THD=3.20% | THD=2.9%
2 Technique used in [89] THD=2.1% | THD=29% | THD=3.3%
3 Technique used in [90] THD=1.9% | THD=2.4% | THD=2.8%
4 Proposed (THD of V, =4.07%) | THD=0.9% | THD=0.67% | THD=0.58%
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4,6.2 Case 2: Test for Grid Frequency Variation

Figures 4.12 and 4.13 show the results of GCI without and with the proposed harmonic
compensators tested for a grid frequency of 50 Hz respectively. The change in frequency
can affect the performance of GCI specifically it has a greater effect on harmonic compen-
sators. Sometimes due to change in frequency, the harmonic compensators produces ad-
verse results and destabilizes the system. Therefore, testing of GCIs under gnid frequency
variation is very important. In this section, the testing of the proposed GCls is conducted
under fixed grid impedance and current to check the adaptive capabihty of the proposed
harmonic compensators and overall GCI,

Figures 4.15 represent the results of the GCI without adaptive harmonic compensators,
with fixed values harmonic compensators, and with proposed adaptive harmonic compen-
sators under the condition of 50.5Hz grid frequency that is 1% increase in the grid fre-
quency. The results show that the THD of GCI without harmonic compensators is 1.37%,
with fixed valued harmonic compensator is 1.41% and with proposed adaptive harmonic
compensators is 0.51%. Hence it is concluded that the proposed adaptive harmonic coni-

pensator has more promising results.
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Figure 4.15: Results of the proposed adaptive harmonic compensator, fixed value har-

monic compensator and without harmonic compensator when grid frequency is 50.5 Hz.

Figure 4.16 shows results of the GCI without adaptive harmonic compensators, with
fixed values harmonic compensators, and with proposed adaptive harmonic compensators
by considering a 1% decrease in grid frequency that is 49.5Hz. The results show that
the THD of GCI without harmonic compensators is 1.89%, with fixed valued harmonic'
compensator is 1.15% and with proposed adaptive harmonic compensators is 0.66%. Hence

it is concluded that again the proposed adaptive harmonic compensator has more promising

results.
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Figure 4.16: Results of the proposed adaptive harmonic compensator, fixed value har-

monic compensator and without harmonic compensator when grid frequency is 49.5 Hz.

The observation from Figures 4.15 and 4.16 are tabulated in Table 4.4 which show that

the proposed hybrid adaptive control of the GCI has better results than fixed value harmonic

compensator and without harmomc compensator.
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Table 4.4: Comparison of the GCI without harmonic, with fixed parameter harmonic and

with adaptive harmonic compensator technique under 1% of grid frequency variation

Technique THD in %

Grid frequency 49.5Hz 50.5Hz
GCI without harmonic Compensators 1.89% 1.17%
GCI with fixed value harmonic Compensators 1.15% 1.41%
GCI with proposed adaptive harmonic Compensators 0.66% 0.51%

It is also observed from the results depicted in Figures 4.15 and 4.16 that due to wide
bandwidth, the PI current controller is not affected by frequency variation. Therefore, the
hybrid adaptive controller where the PI is a fixed value and the harmonics compensators
are adaptive is working well and produces promising results.

Moreover, the proposed technique is also compared with other contemporary tech-

niques in Table 4.5 and it is found that the proposed techniques generate better results.

Table 4.5: Comparison of the proposed technique for 1% of grid frequency variation

Technique THD in %

Grid frequency 49.5Hz 50.5Hz
Technique used in [91] 2.02% 2.13%
Technique used in [92] 2.9% 29%
Technique used in [93] 1.03% 0.95%
Proposed Technique 0.66% 0.51%

4.7 Summary

The adaptive hybrid control technique is proposed for inverters used in grid-tied applica-

tions which makes the system performance better by tracking the fundamental frequency
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of the grid and tuning itse}f according to any variation. This adaptive nature of compen-
sators has improved performance. It is found that the proposed adaptive system has greater
immunity to grid-impedance variation and that the system has a better performance as
compared to currently reported techniques. The system is tested using open loop gain and
impedance-based stability using Bode plot and Nyquist plot. It is found that the system has
shown significant improvement in performance as compared to existing techniques. The
system is further tested for a highly distorted grid and the system performance is found to

be more promising,
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CHAPTER 5
DESIGN AND CONTROL OF MULTILEVEL GRID-CONNECTED INVERTER

Multilevel inverters (MLIs) are increasingly used in micrognd and distribution grid ap-
plications, as they provide 2 flexible and robust solution for integrating and controlling
distributed energy resources (DERs). The main advantage of using a multilevel inverter
in a grid-connected application is that it can produce a high-quality output waveform with
reduced harmonic distortion, which improves the power quality of the electricity being fed
into the grid. This can help to reduce power losses and improve the efficiency and stability
of the overall system. In this chapter, a newly proposed cascaded symmetric MLI topology
is presented along with the modulation technique for equal sharing of sources. Moreover,
an adaptive hybnid control proposed in Chapter 4 is applied to the proposed MLI and its
performance is analyzed. The proposed idea is validated by considering a case of the 9-
level inverter. The stability of the proposed system is also analyzed in this chapter. In the
end, the proposed system is verified through simulations and the results are compared with
the existing techniques. Some of the work is published in [13] and the remaining is sub-

mitted for publication to IEEE Access which is under review.

5.1 Limitation of 3-Level Grid-connected Inverters

GClIs have a significant role in the integration of RE resources with utility grids. However,
in recent studies, it is revealed that GCIs are vulnerable to instability when the nature of the
grid changes from strong to weak, which produces uncertainty and performance degrada-
tion. An increase in Z; decreases stability margins, tremendously increases total harmonic
distortion after a certain limit, and amplifies the voltage harmonics in the grid. In a weak

gnd, the voltage harmonics of the grid affect the performance of the GCIs and therefore
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an effective method to minimijze the total harmonic distortion in the current injected into
the grid is important. The proposed hybrid adaptive control technique in chapter 4 which
is applied to a 3-level GCI, the resuits found are sound but 3-level inverters still have lim-
itations: 1) it produces stress on its switching transistors, 2) it has lesser power handling
capability, 3) the rate of change of voltage (dV//d¢) is higher, and 4) produces more har-
monic distortion in its output current. These limitations can be overcome by the proposed

multilevel GCI presented in this chapter.

5.2 Proposed Solution for Improvement

A cascaded reduced switch symmetrical MLI along with an adaptive hybrid control tech-
nique is proposed for injecting power generated from distributed energy resources effi-
ciently and stably to the utility grid. This research contributes twofold: an MLI topology
and the other is its control method. The MLI mitigates four limitations of 3-level inverters
by 1) decreasing stress on switching transistors, 2} improving power handling capability 3)
decreasing the rate of change of voltage (dV/dt) and 4) producing lesser harmonic distor-
tion in the output current. The control unit of the proposed system further consists of two
parts: one is the synchronous frame current controller, and the other is stationary frame
adaptive harmonic compensators. The grid current controller which is working in a syn-
chronous reference frame ensures regulated current injection to the grid. It is not favorable
to implement a harmonic compensator in a synchronous reference frame due to computa-
tion complexities. Therefore, the stationary reference frame controllers are used for har-
monic compensattons. But the resultant harmonic compensators have namrow bandwidth.
Thus, these are not robust against variation in grid frequency. In this research, this prob-
lem is resolved by adding the adaptive features within the harmonic compensators which
shift its passing band according to the frequency of the grid while remaining with the same
bandwidth. The proposed design of the hybrid frame controller is validated by considering

a nine-level inverter connected with a weak grid.
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5.3 Multilevel Inverter and Grid-connected Application

The development of GCI occurs either in form of improvements in topology or in its con-
troller. Both parts of GCI are of equal significance. Therefore, this research contributes to
both domains by improving the power handling capability, stability and THD of the entire
system.

An inverter is the core part of a GCI and it is critical to select an appropriate inverter topol-
ogy. Therefore, the inverters can be classified on the basis of different parameters to find
the appropriate topology. On the basis of power rating there are low, medium, and high-
power inverters like fly back, push-pull and half-bridge inverters are used as low-cost and
low-power inverters. The H-bridge inverters are used as medium power inverters and MLIs
are suitable to use in medinm to high power applications.

In a comparison of the H-bridge and MLIs, the H-bridge inverters have the advantage of
the minimum number of power electronic switches, but it requires filter components with
higher values which compromises the advantage of the minimun number of power elec-
tronic switches. The increase in the values of filter components increases the cost, size,
weight, and Josses. Moreover, the minimum number of switches increases stress on the
switches, thus it requires switches with a higher rating. Therefore, considering these con-

straints the smaller number of switches does not look promising.

In contrast to a full bridge inverter, the MLI produces a sine wave in stair form where
each stair is encoded with pulse width medulation (PWM). Hence, the voltages across the
switches producing PWM vary by a smaller value as compared to the zero and peak values
in the case of the full bridge inverter. Due fo this, the stress on power switches and the
rate of change of voltage (dV/dt) reduces while the transient response improves. A better
dynamic response can also be observed in case of a voltage surge or sudden voltage drop.

Another important advantage of MLI is its suitability for distributed RE resources integra-
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tion. RE resources can be connecied to the AC grid in lour possible configurations as given
in Figure 5.1. In Figure 5.1(a) solar panels are connected with a singie DC-DC converter
and the DC-DC converter is connected with a GCI which converts DC power into AC and
hence transfers power from solar panels to the grid. In this structure, the solar panels have
a centralized solution. Therefore, the separate use of a single panel or string of panels is
not possible. In Figure 5.1(b) the solar panels or strings of solar panels are connected with
their respective DC-DC converters and the DC-DC converters are connected together with
each other in form of the microgrid which needs additional control. In Figure 5.1(c) solar
panels are connected with their respective GCls. These GCls are close to each other and
work like parallel inverters which decreases the output impedance of the inverter. For the
case of the weak grid where the grid has a significant output impedance, the inverters with
low output impedance can become unstable as discussed in Section 2.3. In Figure 5.1(d)
DC sources are connected with a single inverter which is MLI that connects all the sources
with the grid and remove the limitations of all the three topologies mentioned in Figure
3.1(a}, {b) and (c). The merits and demerits of each configuration are summarized in Table
5.1. Table 5.1 shows that an MLI is a suitable solution. Because the DC sources can be
used individually as well as they can be combined by using an MLI to connect it with the
grid effectively.

Table 5.1: The advantages and disadvantages of topologies of GCI to connect PV panels
to an AC gnid

Figure Disadvantages Advantages
Figure 5.1a | Distributed system has Easy control
centralized solution
Figure 5.ib | Distributed sources can | Integration of DC-DC converters needs a

be used individually. DC microgrid.

Figure 5.1c | Distributed system has Parallel and nearer connection of GCI create
distributed solution. stability issues

Figure 5.1d | Distributed system has Multiple DC-DC converters can be con-
distributed solution nected with a single grid-connected MLI
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Figure 5.1: The topologies of GCI to connect PV panels to an AC grid.

There are many MLI topologies available in literature but clamped diodes, flying capac-
itors and cascaded MLIs are the classical topologies [12]. The other topologies are derived
forms of these inverters. Each of these topologies has its own advantages and disadvan-
tages. Based on better output waveform resolution, symmetry in the circuit, simple PWM
technique, and reduced total harmonic distortion, the cascaded MLI is a good choice for
GCI. Moreover, its structure is suitable for photovoltaic-based power plants, therefore the
cascaded MLI is considered suitable for the way forward for this research.

The cascaded symmetrical MLI integrates multiple isolated sources to generate differ-
ent levels in the output waveform. The requirement of isolated sources limits its usage. But

in the case of PV panels as a source of energy, each panel or string of panels can be used
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as an isolated source which makes it more feasible. Another limitation of MLI is the re-
quirement for large numbers of power switches. To minimize this limitation, many variants
have been proposed to reduce the number of switches. Similarly, in this research one such
variant has been presented which uses a reduced number of switches.

In [13], the author has contributed by proposing a reduced switch topology with an
additional feature of equal voltage source sharing to utilize all sources of energy equally.
The topology is further enhanced here by proposing a hybrid adaptive control technique for

it, in order to make it suitable for weak grid-connected applications.

5.4 Reduced Switch Caséaded Multilevel Inverter

The reduced switch cascaded MLI proposed for grid-connected applications is given in
Figure 5.2. The inverter consists of two stages: stage | is a level synthesizing cell, while
stage 2 consists of an H-bridge. The level synthesizing cells are used for generating dif-
ferent levels and the H-Bridge is used for polarity inversion. Each synthesizing cell can
generate two levels a positive and a negative level. Moreover, a single synthesizing cell
consists of a discrete diode and a power electronic transistor packed with an anti-parallel
diode like MOSFET or IGBT. The required number of switches V,,,, diodes N, and iso-
lated DC sources Np¢ can be calculated from (5.1), (5.2) and (5.3) respectively by using

desired levels of the inverter Ny,

-1
N'sw -— NL + “1 (5])
2
Np -1
Ny= L2 (5.2)
Ng—~1
Npe = L2 (5.3)

Any number of levels can be generated by using this topology by keeping in view the size,

switching losses, cost, modulation complexity and total harmonic distortion in considera-
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tion. Next, a case study is presented to explain the working principle of the topology.
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Figure 5.2: Reduced Switch Cascaded MLI topology with n-Levels.

5.5 Case Study: 9-Level Reduced Switch Cascaded Inverter

To demonstrate the working principle of the proposed design we have considered an arbi-
trary nine-level inverter (N = 9) as a case study as shown in Figure 5.3. The total control
switches (power transistors) and discrete diodes required in the nine-level inverter are eight
computed from (5.1) and (5.2). We have assumed that four DC sources of equal magnitude
required are V., Vieo, Vies and Vi and switches required in stage 1, are 5, Ss, Sy and
Sy along with four diodes D,, D,, Dy and D,, respectively while four switches in stage 2

are denoted by A,, Ay, Az and A, coupled with their respective anti-parallel diodes.
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Figure 5.3: Reduced Switch Cascaded symmetric 9-level inverter.

5.5.1 Phase Disposition PWM with Equal Source Sharing and Work-
ing Principle

PWM plays an important role in the control of any power electronic converters. Some

of these PWM techniques for MLIs are given in [94]. Here, the phase disposition (PD)

PWM technique is used which consists of level-shifted carriers with the same amplitude

and phase [95]. The carriers of the PDPWM are denoted here by C; which has a frequency

w, (the w, = 1kHz is assumed here in this section for the clarity in the demonstration while

in the remaining sections, the w. is selected as 10kHz). The carriers can be defined as
£43) Mo
Cf‘. = E(('_l) yc(wc: ‘:0) +i- 'E_) (54)

Where E is the amplitude of a single triangular carrier, Ny, is the number of levels, i=1,

2...., Nz-1 and ¥, is a normalized symmetrical triangular carrier function defined as
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1
ye(we, ©) = (=11 ({amod2) — 1) + 5 (5.5)
Where mod represents the modulus function and
. wet 4+ r,a' (5.6)
kil

Here, o is the phase angle of y. and y, is a periodic function having the time constant
T. = 2w/w,.. For the PDPWM technigue f{i) = (. Based on these assumptions and

specifications the four carriers which are used here are summarized in Table 5.2.

Table 5.2: Specification of Phase Disposition Level Shifted Carriers.

Carrier Wave Lower Peak Value | Upper Peak Value |
Triangularl lower peak | OV 0.25V

Triangular2 lower peak | 0.25V 0.5V

Trianguolar3 lower peak | 0.5V 0.75v

Triangular4 lower peak | 0.75V 1V
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Figure 5.4: The PDPWM for a 9-Level GCI (a) Multi carriers and reference signal (b)
Gate signal generated by conventional PDPWM
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Figure 5.5: The PDPWM for 9-Level GCI for equal sources sharing (a) Modulation based
on proposed pseudocode (b) gate signals generated for equal source sharing for one com-
plete cycle

Figure 5.4 shows the classical PDPWM technique of MLI and the switching signals
generated on the basis of classical PDPWM for the transistors of level enhancement cells.
In Figure 5.5, the proposed modulation technique is presented along with pseudocode
which utilizes all the sources on an equal basis. It is shown in Figure 5.5b that in the
positive half cycle the utilization of source 1 to source 4 is decreasing while in the negative
half cycle the utilization of source 4 to source 1 is decreasing. The switching signals for the
corresponding switches of level enhancement cells are given in Figure 5.5b. In the first half

cycle of Figure 5.5b which starts at time 1s and ends at time 1.01s, the source V., remains
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connected to the load for the maximum time, and the source V4 remains connected for
the minimum time. Similacly, in the second half cycle of Figure 5.5b which is from starts
at time 1.01s and ends at ime 1.0ts, the source V.4 remains connected to the load for the
maximum time, and the source V., remains connected for the minimum time. Thus, the
average time of connecting a source with the load is almost the same. Therefore, we are
calling it equal source sharing.

To minimize the energy losses in the transistor switches, the PWM signal is applied to
any one transistor in the track of the ON transistors at the same time and the remaining
transistors of the same path will also remain ON. Similarly, zero is applied to the rest of
the transistors to keep them OFF. This pattern of switching technique is explained with the
help of Table 5.3.
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Table 5.3: Patterns of PWM modulated signals for the switches of 9-level inverter.

Output Voltage S1 | S Ss Sy As, | As,

Ag Az
0 0 0 0 0 0 0
H V) PWM | O 0 0 1 0
+ Vdel+ Vo) I PWM | O 0 | 0
+(Vdcl+ Vde2+ Vys) l 1 PWM | O 1 0
+H(Vdcl+ Vde2+ Vde3 +15.) i 1 1 PWM | 1 0
+ (VdeT+ Vde2+ Vi) - PWM | 0 I 0
+(Vde 1+ Vi) 1 |pwM |0 0 1 0
+ (Vi) PWM | O 0 0 | 0
0 0 0 0 0 0 0
- (Vi) 0 {0 0 PWM | 0 1
- Vijs+Vded) 0 0 PWM | 1 0 1
-(Viga+ Vde3+ Vdcd) 0 PWM | 1 1 0 1
-(Vier+ Vde2+ Vded +Vded) | PWM | 1 1 l 0 1
-( Vieat Vde3 +Vdced) 0 PWM | | 1 0 i
-( Via+ Vdcd) 0 0 PWM | 1 0 1
(Vo) 0 0 0 PWM | O 1
0 0 0 0 0 0 0

On the basis of the modulation technique given in Figure 5.4, the generated output of
the inverter is given in Figure 5.6a. Similarly, the switching patterns for S; to S, are gener-
ated on the basis of the modulation technique given in Figure 5.5 and the resulting output
of the 9-level inverter is given in Figure 5.6b. The results show that there is no difference
in the output wave of the inverter. The only difference is the total time for which a specific

source is connected with the load. Figure 5.6a shows that the average time for which the
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Vi1 is connected to the load is maximum, then it decreases to Vjes and Vs, Thus, for
the minimum time, V.4 is connected to the load. In comparison to 5.6a and 5.6b shows

that the average time of each source for which it is connected to the load is almost the same,
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Figure 5.6: Output waveform of 9 level inverter (a) Conventional modulation technique

(b) Proposed equal voltage source sharing modulation technique
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5.6 Grid-connected Multilevel Inverter System Modeling

The proposed closed-loop model of the system is shown as a block diagram in Figure 5.7
including weak grid assumptions. Here the single-phase grid is considered because most
of the residential consumers are connected to a single phase. The model can easily be ex-
tended to a 3-phase inverter with some minor modifications. The blocks of the proposed
GCI system model consist of i) a 9-level inverter, ii) an LCL filter, iii) a control unit that
further consists of a current regulator and harmonic compensator, iv) a pulse width modula-
tor, v) A weak grid (represented by Thevenin circuit of an impedance along with a voltage
source) at the point of common coupling(PCC), vi) A phase lock loop (PLL) used for the
phase detection of grid voltage to generate reference current and frequency for the adaptive

harmonic compensators and vii) an extra loop is used for active damping.

Reduced Switch MLI LCL-Fiiter GRID
AAAN fl ' It . | .
R, L \ T z,
PCC | Vo Vs

Y
=

Ce Jela e

i
s 9 f\r‘grid

1
I
R g y
o

o

Hybrid Controllet

Figuré 5.7: Closed loop system of 9-level GCI with weak grid assumption.
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5.7 Proposed Hybrid Adaptive Control

The average switch control model of the proposed inverter in the frequency domain de-
picted in Figure 5.7 as a closed loop system is given in Figure 5.8. Based on the function-
ality of the systems, the system is organized into two Blocks:

Area A consisting of a grid, inverter, LCL filter, modulator, active damping loop, voltage
feedforward loop and feedback current controller designed in a synchronous frame of ref-
erence.

Area B represents the adaptive harmonic compensator working in the stationary reference

frame and an adaptive notch filter.

Figure 5.8: The proposed average switch controlled scheme of GCL.

The function of the controller is to ensure the injection of a pure sine wave and regu-
lated current to the grid. In the presence of grid harmonics, the harmonics in the inverter's
current also increase. In such cases, the inverter controller cannot minimize those harmon-
ics and the inverter injects current which is polluted with low-order harmonics into the grid.
Therefore, harmonic compensators are required in addition to the current controller to re-
duce these harmonics in the grid current.

The details of these controllers are covered in Section 4.4. Where, the synchronization
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using PLL implemented by the DQ transformation method by using SOGI flters for or-
thogonal signal generation is discussed in Section 4.4.1. The current controller design is
based on the PI controller, discussed in Section 4.4.2. The Clarke Transformation is done
by two cascaded low pass first order filters for orthogonal signal generations and an adap-
tive harmonic compensator is designed and discussed in Section 4.4.3 by using adaptive
notch and resonance filters.

The SOGI-based voltage feedforward technique is adopted here which was discussed
in Section 3.2. Moreover, this section also covers the advantages of active damping, over
passive damping, which is also used here. The main difference between the control of the
3-Level inverter discussed in Chapter 4 and MLI presented in this chapter is in the PWM
technique. In Chapter 4, the conventional PWM technique is used but for this MLI the
PDPWM technique along with an equal source sharing algorithm is used, which has been

discussed earlier in this chapter.

5.7.1 Parameters of Current Controller and Harmonic Compensator

To find the appropriate parameters of the current controtler and harmonic compensators
for the desired stability margins (gain margin -3 to -5 dB and phase margin 30° to 60°),
the open loop gain (5.7) is derived from the proposed system given in Figure 5.8 by using
block reduction method. The values of parameters are extracted with the help of Bode Plot

and MATLARB SISO Tool and are listed in Table 5.4.

Conls) = Gk
. = [S3L1L201 + 5264 ZgC]_ + 32L26‘1kckpwm + Schlkckw|m+
sLi+8la + Z4 — Zngthwm + r'cpme'erR]. 5.7
Where Gy, is kw,5

Gh (3.8)

52 + kwes + w2
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Table 5.4: Symbols, description and values of designed system parameters

Symbols Description Values
P Rated Power S5kW

b DC voltage sources 100V each

Vbey» Voe,» Voe, and Vpg,
Vi Grid Source Voltage (RMS) 220V
E Grid frequency 50Hz
Grid frequency 49Hz; f4i51Hz

L, Inverter side inductor 0.75mH
Ly Grid side inductor 0.45mH
Cy Fiter Capicitor 6.01uF
Ko Active damping constant 10.6/400
Zg(s) Grid impedance 0-15mH
ko SOGI klter damping factor 0.5
kor Compensator damping factor 0.001
on Notch filter damping factor 7
K Compensator gain 250
K, Proportional gain 50
K, Integral time constant 741
fa Low pass filter natural frequency 150 Hz
Iy Low pass filter time constant 3.18x 103

(Dt Proportional gain PLL 10
Tipu Integral time constant PLL 20x 10
Gy Proportional voltage feed-forward 1
Kpwm Modulation index 0.7
k. Gain of active damping loop 10.6/|Kpwasl

The Bode plots of the open loop gain are given in Figure 5.9 by using the parameters
given in Table 5.4. The responses are for three different values of Z; 5SmH, 10mH, and
15mH. The results show that the minimum phase margin and gain margins are 3¢5 and
50° respectively. The stability margins of the proposed system show that the system will

remain stable for the parameters given in Table 5.4 and 5.2 and the selected parameters are

appropriate.
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Figure 5.9: The open loop gain of the proposed system.

5.8 Impedance-based Stability Analysis

The stability of the system is tested with the help of the impedance-based stability method.
The proposed system modeled in Figure 5.7 is divided into two equivalent subsystems the
inverter side is represented in Norton form and the grid side is represented in Thevenin
form as given in Figure 5.10.

The network of Figure 5.10 can be solved with the help of the superposition theorem to

find the grid current given in (5.9) and further simplified in (5.10).
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Using the method of stability testing from [74], the impedance ratio Z;/Z, from (5.10}
can be used for an impedance-based stability test.
Here, the system is evaluated by considering grid impedance Z,=5mH, 10mH, and 15mH
while the Z, is dertved from Figure 5.8 by ignoring the doted part of the Z,. Furthermore,
the relation between V; and ¢, is found by ignoring reference current 4,..s. Thus, the derived
output admittance (Y.} and impedance (Z,) are given in (5.11) and (5.12) respectively.
The stability is checked by using a Bode plot of the Z; and Z, in ratio with 1{2. Then the
stability is further verified with the help of the Nyquist Stability Theorem by checking the
encirclement of the point (-1,0) using the impedance ratio. The Bode plot of the Z, ratio
is given in Figure 5.11. From Figure 5.11 the system is stable where the inverter output
impedance is greater than the Z;. In other places, where the Z, intersects the inverter

output impedance has phase differences of 1007, 30° 100° and 100° which shows enough
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phase margin and therefore according to the role given in [74], the system is stable.
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Figure 5.11: Impedance based stability analysis using Bode Plot.

To further confirm the stability, the Nyquist plot of impedance ratio is plotted in Figure
5.12 which shows the stability of the inverter against three different Z, 5SmH, 10mH, and
15mH respectively. The Nyquist stability criteria state that a system is stable if there is no
encirclement of point (-1,0) or the counterclockwise encirclements of point (-1,0) are equal
or greater than the clockwise encirclement, Vice versa the system is unstable if counter-
clockwise encirclement is less than the clockwise encirclement of point (-1,0). Thus, the
Nyquist stability conditions are satisfied and the proposed system is a stable system. The
Nyquist plots of Figure 5.12 show that for all three graphs, none of the Joops encircle the

point (-1,0) clockwise. Therefore, it is concluded that the closed system is stable.
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5.9 Resuits and Analysis

Simulation of the proposed system is performed by using MATLAB Simulink environment.
The study of a multilevel GCI is conducted by considering the peak current rating of the.

system as 50A and the peak voltage of the grid as 310V. The available grid is defined as
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a voltage source in series with an impedance. Hence, it represents the weak grid. The
real part of the impedance is ignored because it does not contribute to the instability of the
system. Therefore, the impedance considered here is only inductive, which is represented
in mili Henry (mH). The system is tested for three different values of grid impedances that
is SmH, 10mH, and 15mH. |

The multilevel inverter uses a total of four DC voltage sources of 100V each and eight
control switches with anti-parallel diodes. The inverter generates 9 levels of output and
PWM is implemented with the help of the phase disposition level shift carrier method and
the equal voltage source sharing technique described in Table 5.3.

The harmonic distortion within grid voltage affects the harmonic distortion of the cur-
rent feeding to the grid. Therefore, low order first four odd harmonics are added in grid
voltage for analysis in this work. The grid voltage along with the profile of the harmonics

is given in Figure 5.13.
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Figure 5.13: Grid source voltage along with its harmonic profile.

Here, the grid frequency is assumed to be 50Hz and the first four odd harmonics that is
150, 250, 350, and 450Hz are added to it in order to make it a harmonic polluted distorted
voltage. The grid frequency has a peak amplitude of 310V and the 37¢, 5%, 7% and 9"
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harmonics are assumed to have peak amplitude of 10V, 5V, 5V and 5V respectively. The
grid frequency distortion is modeled by varying it between 49Hz to 51Hz is varied between
49Hz to 51Hz to check the adaptivity of harmonic compensators. The distorted grid voltage
with harmonics (THD=4.07%) given in Figure 5.13 is used for analysis in this research.
Hence, the proposed design is evaluated for three different cases having different condi-
tions. In Case [ the proposed system is tested for variation in Z,, under fixed grid frequency
and the results are compared with other relevant techniques. In Case 2 the proposed sys-
tem is tested under grd frequency variation with fixed Z, and the results are compared
with existing techniques. Moreover, in Case 3 the proposed system is tested for current or
power change while keeping the grid frequency and Z, fixed. The results of this case are
also compared with recently published techniques. These three cases are discussed here in

detail:

59.1 Case 1: Test for Grid Impedance Variation

In this case, the proposed system is tested to show its robustness against Z, variations and
its performance is evaluated based on THD. Here the proposed inverter is tested for three
different values of grid impedance Zg=5mH, Zg=10mH, and Zg=15mH and results are
given in Figure 5.14. The resuits reveal that the system is stable and the tn;tal harmonic
distortion does not increase from the IEEE1547 Standard set for the GCls and the perfor-

mance in form of reduced total harmonic distortion is better than the existing techniques.
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Figure 5.14: Performance of the inverter in form of THD (a) 9-MLI without adaptive har-

monic compensator (b) 9-MLI with an adaptive harmonic compensator.

Moreover, the results of the proposed technique are compared with the existing tech-

niques found in (38, 89], and [90] as given in Table 5.5
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Table 5.5: Comparison of the proposed technigue with the other contemporary technigue

on the bases of THD when there is variation in grid impedance.

Technique THD in %

Grid impedance Zg =5mH Z,=10mH Z;=15mH
Technique used in [38] 3.5% 3.2% 29%
Technigue used in [89] 2.1% 2.9% 3.3%
Technique used in [90] 1.9% 2.4% 2.8%
Proposed Techanique 0.27% 03% 1.07%

5.9.2 Case 2: Test for Frequency Variation

The adaptive behavior of the proposed notch filter and harmonic compensators are de-
scribed in this subsection. A variation of +2% in the grid frequency is introduced here to
check its robustness against the frequency variation. Hence, the proposed system is tested
for grid frequencies 49Hz, 49.5Hz, 50Hz, 50.5Hz and 51Hz. The results are given in Figure
5.15. The results show that the system remained stable and the adaptive harmonic compen-
sators work well if the frequency of the grid decreases or increases from its rated value by
1Hz.

Moreover, to evaluate the performance of the proposed system against frequency varia-
tions, the results are compared with the other techniques mentioned in [91] and [92]. Table

5.6 shows the comparison.
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Figure 5.15: Adaptive analysis of proposed harmonic compensators (a) Results for 50Hz

and above (b) Results for 50Hz and below.

Table 5.6: Comparison of the proposed technique on the basis of THD against grid fre-

quency variation.

Technique - THD in %

Grid Frequency 49Hz 49.5Hz 50Hz 50.5Hz 51Hz

Technique used in [91] | 3.08% 2.02% 1.49% 2.13% 3.16%

Technique used in [92] | 2.8% 2.9% 29% 2.9% 3.0%

Proposed Technique 2.57% 1.63% 0.29% 1.91% 0.6%

At a lower rating, when the gnid current is 25A, the proposed system is tested and it is

found that it has almost similar or better performance as compared to the 3-level inverter
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given in [11] and [93]. The result for the 25A grid injected current at 50.5Hz and 49.5Hz
generated from the proposed system are given in Figure5.16. The results are compared in

Table 5.7.
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Figure 5.16: Results under frequency variation when i, is 25A.(a) When the grid fre-

quency is 50.5Hz (b) When the grid frequency is 49.5Hz

Table 5.7: Comparison of the proposed technique for 1% of grid frequency variation

Technique THD in %

Grid frequency 49.5Hz 50.5Hz
Technique used in [93] 1.03% 0.95%
Technique used in [11] 0.66% 0.51%
Proposed Technique 0.64% 0.46%
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593 Case 3: Test for Power Handling

The power handling capability of the inverter increases when there is a change from three
levels to nine levels. In MLI, the switches of low voltage rating are used in cascade to
handle high voltage. Thus, the rating of the switches decreases as the level increases.
There is another important aspect of a MLI that is the output of a MLI can be filiered by
using smaller components of the filter. Hence, the weight, volume and losses of the LCL
filter of the inverter decrease by using MLIL. The MLI output has smoother output waveform
voltages and current as compared to the 3 levels inverter. Therefore, an MLI shows much
more stability than compared to a 3-level mverter.

In the proposed case of nine level inverter, the jump is almost four times smaller than
the jump in 3 levels inverter. Here, both 3-levels and 9-level inverters are tested by using
the same switching frequency and filter components and the results are given in Figure
5.17. The results show the three-level inverter becomes unstable when i, exceeds S0A but
the proposed MLI remains stable even after 70A. Even, in the case of i, is S0A still the
MLI has superior performance as compared to the 3-level inverter. From Figure 5.17 it is
also concluded that th® transient response of MLI is far better than 2 3-level inverter and
the settling time of MLI is much less than a 3-level inverter. Based on these conclusions,

MLI has superior performance as compared to 3-level inverters.
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Figuare 5.17: Power Handling capability testing (a) 3-Level Inverter (b) 9-level Inverter.

Figure 5.17 shows the comparison of 3-level inverter with hybrid adaptive control tech-

niques given in [11] which is also discussed and analyzed in Chapter 4 and the proposed

9-level inverter with hybrid adaptive control technique given in this chapter. The resulis of

Figure 5.17 are concluded in Table 5.8 which shows that the 9-level inverter is superior in

performance as compared to the 3-level inverter when the output current or power of the

inverter varies.
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Table 5.8: Comparisen of the proposed MLI-based GCI with 3-Level GCI in [1 1]

Technique THD in %
Current 4, 30A 40A S0A 60A T0A
I-level[11] 0.49% 0.38% 3.84% unstable | unstable

THD THD THD

9-Level MLI 0.38% 0.41% 0.60% 0.61% 3.28%

THD THD THD THD THD

5.10 Summary

A hybrid adaptive controller of multilevel GC! is designed in this chapter, which consists
of a fixed vatue current regulator and adaptive hanmonic compensators. The MLI used is a
cascaded symmetric MLI with a reduced switch and equal source-sharing techniques. The
proposed MLI has low THD and increased power handling capability. The PLL used for
synchronization of grid voltage and inverter current is SOGI-based PLL which removes
unwanted signals from the sensing voliage signal and helps to increase robustness. More-
over, the same PLL is used for the estimation of frequencies of the first four odd harmonics
which are used in adaptive harmonic compensators. The proposed control improved the
performance of the inverter by decreasing the THD and increasing the robustness against
the Z, and frequency variation. The proposed solution is also compared with relevant re-
search published in recent years and it is found the proposed solution is better in terms
of THD reduction, power handling, the smaller value of {dV//dt}, and lesser stress on the

transistor switches.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 Conclusion

Grid-connected inverters are power electronic converters used in integrating RE resources,
as they enable the integration of distributed energy sources such as solar panels and wind
turbines into the power grid. The GCI generally includes a DC-DC converter, an inverter
stage, and a filter to reduce harmonic distortion. Control strategies are implemented to
ensure stability and optimal power transfer, and harmonic compensators can be used to
reduce the impact of harmonic distortion on the power grid. Additionally, it is desired
that GCIs must be able to work when there is a significant variation in the impedance and
frequency of the grid. The inverter must be able to handle larger power so that the need
for parallel inverters can be minimized. In this research, GCls are designed and tested for
weak grid applications where the Z; can increase up to 15mH and the frequency variates
up to 2Hz from its rated fundamental frequency.

Control strategies have also been an important research area for GCIs. The aim of
control strategies is to ensure stability and optimal performance under varying operating
conditions. The controller designed in this research consists of a synchronous framed fixed
value PI current controller and adaptive harmonic compensators.

The current controller is used for the regulation of current and keeping the system sta-
ble. As LCL filter is required as a low pass filter which becomes a source for resonances. To
suppress these resonances an active damping method is adopted in this research. Therefore,
the current controller is accompanied by an additional feedback loop of capacitor current
to suppress the resonance produced by the capacitor of the LCL filter. An additional grid

voltage feed-forward loop based on the SOGI filter is also required with the current con-
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troller to decrease the response time of the inverter and improve the steady-state error. It js
found in this research that the PI controller can handle the frequency variation up to 2Hz
from the fundamental frequency of 50Hz. Therefore, the author used a PI controller having
fixed parameters for this purpose.

As the Z, boosts the voltage harmonics of the grid which propagate through the control
unit of the GCI, hence it increases the THD of its output current. Moreover, changes in Z,
variate the stability margins of GCI which change the THD of the current injected into the
grid and it is possible that it will destabilize the GCI. Therefore the harmonic compensators
are required to keep the THD as low as possible and thus inject good-quality current into
the grid.

The harmonic compensators used here are stationary-framed adaptive harmonic com-
pensators implemented with the help of adaptive resonant filters and an adaptive notch
filter. The resonant filters designed in this research suppress the first four significant odd
harmonics i.e. 150Hz, 250Hz, 350Hz, and 450Hz. If there is a variation of 2Hz in the
fundamental frequency of the grid then it means a variation of 18Hz in 9** harmonic will
appear. Therefore, it is not possible to handle that large variation by the resonant filter of
fixed characteristics and to separate it froni others. Therefore, the frequency adaptive reso-
nant filters are proposed that gets the information of grid fundamental frequency from PLL
and adapts itself to the desired range. While the adaptive notch filter blocks the fundamen-
tal frequency which is considered to vary 2% within the grid from entering the resonant
filters. Therefore, it helps the resonant filter to estimate only the desired harmenic and de-
creases the burden on the current regulator.

The proposed control technique is tested for a 3-level full bridge inverter to check its
performance and stability under various conditions. The technique is tested for reducing the
THD, robustness of THD against the Z; variation, and adaptiveness to the grid frequency.
The results found are promising and the proposed technique has demonstrated significant

improvements.
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The advancement of topology in GCIs has also been a significant research area, with the
goal of optimizing power transfer and minimizing harmonic distortion. Researchers have
proposed various topological solutions such as multilevel inverters, modular inverters, and
cascaded inverters to achieve these goals. These topologies have proven to be effective in
reducing harmonic distortion and improving power transfer efficiency.

Another contribution in this research is the new varant of MLI topology with reduced
switches and supporting equal source sharing. The MLI topology has advantages in four
ways: 1) decreasing stress on switching transistors, ii) improving power handling capability
iif) decreasing the rate of change of voltage (dV/d?), and iv) producing lesser hanmonic
distortion in the output current. The proposed hybrid adaptive control technique is applied
to the new variant of MLI and it is demonstrated that the proposed controller can be applied
to any MLI. Moreover, it is found that the results penerated are more promising,.

It 1s further concluded that GCIs are an essential technology in the field of RE, and
research in this field is focused on improving the efficiency, reliability, and stability of these
devices. Topological advancements have been made in order to optimize power transfer and
minimize harmonic distortion. Control strategies have been proposed to ensure stability and
optimal performance under varying operating conditions. Harmonic compensators have
been proposed to reduce the impact of harmonic distortion on the power grid. Additionally,
research has been conducted on how to handle varatiouns in frequency and power levels,
as well as provide total harmonic distortion reduction. Overall, the research on GCIs has
been instrumental in the development of more efficient, reliable, and stable systems for
integrating RE resources into the power grid. The integration of these technologies will

play a crucial role in creating a sustainable energy future.

6.2 Future directions

One of the main benefits of using a GCI is that it allows for the excess energy generated

by the RE source to be sent to the grid. This is known as “feed-in” and it allows for other
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customers to use the excess energy, reducing the need for tossil fuels and reducing the
overall carbon footprint. This also allows for a reduction in the cost of electricity for the
end user.

Furthermore, as the use of RE continues to grow, the research in the GCI can help to
ensure that the electrical grid is able to accommodate and utilize this increased amount of
RE and make it accessible for many users connected to the grid. Thus, research in the
area of GCls is getting more importance. Additionally, research in this area can lead to the
integration of advanced features such as energy storage and smart grid capabilities, further
improving the reliability and stability of the electrical grid. Future work in the area of
control and inverter topology for GCls may include the following:

Control: Further research on control strategies for GClIs focusing on developing new
and improved methods for ensuring stability and optimal performance under varying op-
erating conditions. In this research a hybrid controller is implemented where the current
controller is a fixed controller and while the harmonic compensators are adaptive. To up-
grade the control system from hybrid to adaptive controf, the fixed value current controller
can also be replaced with an adaptive current controller. This conversion of a hybrid con-
troller to an adaptive controller can further improve the performance and the robustness of
the system can also be increased.

Inverter topology: Research on new and advanced inverter topologies could focus on
increasing the efficiency and power density of GCls. This could include the development
of new multilevel inverter topologies such as symmetrical and asymmetric multilevel in-
verters, modular MLI, matrix inverters etc.

Power Quality: The integration of inverters in the grid is also causing a growing con-
cern about power quality issues such as voltage and current harmonics, flicker, and power
factor. The future work in this area could be oriented to improve the power quality by de-
veloping new and advanced harmonic compensation techniques, such as adaptive filtering,

digital signal processing, and Al-based control algorithms.

110



Smart Grid integration: Future research could also focus on developing GCls that can
communicate with the smart grid and participate in demand response programs. This could
include the development of new communication protocols and the integration of advanced
control algorithms to enable the inverters to respond to grid conditions in real time.

Grid-Support Functions: Future work could also focus on developing GCls that can
provide grid-support functions such as voltage and frequency regulation, reactive power
control, and islanding detection. This could include the development of new control algo-
rithms and communication protocols to enable the inverters to provide these functions in
real-time.

Impedance-based stability: Impedance-based stability analysis 1s a promising method
for assessing the stability of GCIs. Impedance-based stability analysis of the proposed
system shows that the stability depends on the ratio of Z; (in the case of a weak grid)
and the inverter output impedance. In this research, the Z, is considered as a number but
the Z, can change from place to place and over time due to the connections of different
equipment to the grid. To accommeodate such variations, instead of considering a fixed
value, the Z, can be measured online and the inverter output impedance can be changed
through the impudence reshaping method to reshape the output impedance of the inverter
and keep the inverter stable. Future work in this area could also include developing more
accurate models for the impedance of the grid and the inverter, as well as investigating new
control strategies for maintaining stability.

Hardware Implementation: Experimenting with hardware implementation offers an
invaluable opportunity to evaluate the proposed solution in practical scenarios. While hard-
ware implementation may introduce challenges, such as processing delays, confronting
these obstacles head-on can lead to critical insights and improvements. Identifying and
addressing these challenges during the hardware implementation phase would be essential
for establishing a reliable and efficient solution that stands up to real-world demands.

The future extension of this research for hardware implementation holds great promise.
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A researcher or team of researchers can explore advanced control strategies and optimiza-
tion techniques tailored for hardware platforms, seeking ways to minimize processing de-
lays and enhance overall efficiency. Collaborating with industry experts and stakeholders
in this endeavor could foster a seamless transition from theoretical concepts to real-worltd
applications.

Funthermore, conducting comprehensive field tests and case studies on different weak
grid scenarios would encourage the solution’s practicality and generalizability. This practi-
cal testing would allow for a broader understanding of the solution’s adaptability to various
grid conditions and reveal any specific limitations or optimizations required for different
settings.

In short, the research presented in this thesis marks a significant step forward in ad-
dressing the challenges faced by weak grid-connected inverters. By enibracing real-time
simulation, hardware-in-the-loop validation, and ultiniately, hardware implementation, the
proposed solution can be supported and refined to meet the needs of real-world applica-
tions. Embracing future advancements and interdisciplinary collaborations would unlock
the full potential of this research, fostering a more stable and sustainable grid integration
of renewable energy sources.

Overall, future work on GCIs could focus on developing more efficient, reliable, and
stable systems for integrating RE sources into the power grid. The integration of advanced
control and inverter topology, power quality improvement, smart grid integration, and grid-

support functions will play a crucial role in creating a sustainable energy future.
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